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CHAPTER 1 
INTRODUCTION 
Recently, the combination of computers with color monitors has increased the 
involvement of color in displaying information (e.g., text editors, process control, 
CAD/CAM, public information systems such as Teletext). Color screens are 
appreciated as more attractive or pleasing than monochrome displays 
(Shneiderman, 1987). From an ergonomie viewpoint, one can make a distinction 
between two potentially useful applications of color in such displays 
(Shneidermann, 1987; de Weert, 1988). On the one hand, color may be added to 
increase the information content (color coding, pseudocoloring, i.e., replacing 
luminance differences by color differences). On the other hand, color can be very 
powerful in calling and guiding attention (such as in warning signals and in 
emphasizing the logical organization of information, respectively). However, the 
risk of abuse of color is high. For instance, for text editing most authors advise 
to limit the use of color as much as possible. A number of perceptual effects 
(Walraven, 1985; de Weert, 1988), related to color may also deteriorate task 
performance when colored screens are used. For instance, too many colors may 
dazzle the user and will deteriorate performance, and even worse, in pure color 
displays (i.e., when luminance differences are lacking) a striking feeling of nausea 
may occur due to the difficulty of focussing accurately on the screen. Also, the 
perceptual organization in such pure color displays désintégrâtes (Cavanagh, 1989; 
de Weert, 1988). Though one would guess that most system designers are able to 
avoid these pitfalls introduced by the use of color, a short visit to a computer 
shop may convince one of the contrary. 
Guidelines for the use of color have been offered by Shneiderman (1987). 
These guidelines, however, are often based on casual observations (e.g., Murch, 
1988). Fundamental research on the role of brightness and color in pattern 
recognition has lagged behind. The first reason for the research undertaken in this 
thesis therefore is the scientific interest, derived from practical needs, to gain 
more insight in the role of color and brightness in pattern recognition processes. 
More specifically, the strength of pattern formation is measured as a function of 
the color differences that are present in a stimulus. Therefore, the measurement of 
color differences under different experimental conditions forms an important part 
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of this research, and as will be made clear below, the focus will be on the 
measurement of color differences that are large in comparison with the color 
difference threshold. 
A second more fundamental reason for the investigation of large color 
differences lies "in the functional or information-processing domain, which 
specifies the nature of the perceptual codes and the operations that map the 
physical into the subjective representations" (Treisman, 1986). An important issue 
in this domain concerns the interaction of perceptual dimensions, (Treisman, 
1986; Gamer, 1976; Hyman & Well, 1968). In the color domain, these issues are 
translated into questions such as whether brightness and color dimensions are 
perceptually difficult to separate, or whether selective attention to one of the 
dimensions is possible (Gamer, 1976), or what sort of distance models (see 
below) are appropiate to model perceived differences between colors (Hyman & 
Well, 1968). 
The investigation of color differences has a long tradition in psychophysics 
and goes back to König in 1886 (see Judd, 1932). In the first half of this 
century, one of the main interests in color science has been to determine the 
sensitivity thresholds of human observers for the detection of color differences 
(Wyszecki, 1967). The importance of this work is readily recognised if one thinks 
of the various industries, that have to provide additional products or spare parts 
in the same color as products sold previously (for an amusing paper on this 
subject, see Judd, 1939). Obviously, knowledge about what constitutes an 
acceptable color match and quality control in color production are of prime 
importance for such industries. For this purpose, much research has been done to 
determine which colors yield a just noticeable difference (JND) with reference to 
a particular color. Data concerning JNDs can be transformed into a spatial 
representation, leading to a large amount of data reduction (Judd, 1935; 
Mac Adam, 1939; Wright, 1941). In this spatial representation, colors that are just 
discriminable from a particular color P, will be located on a circle with a radius 
of one JND around color P. If one establishes JNDs for many different colors, 
these colors can be represented in a color space in which the distance between 
two color patches represents their perceived color difference, in close analogy to 
a geographical map, in which the distance between two cities represents their 
real-world distances. Because within the visual system a distinction is made 
between three independent qualities in light stimuli, that is brightness, red-green, 
and yellow-blue content, a color space needs three independent dimensions, say x, 
y, and z, to represent all colors. The distances in such a color space are usually 
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calculated with an Euclidean distance formula. Thus the distance between two 
colors Ρ and Q is given by: 
d(P,Q) = V(Ax)2 + (Ay)2 + (Δζ)2, 
where Δχ, Ay, and Δζ denote the distance between color Ρ and Q along the three 
x, y, and ζ axes. Generalized distance formulas based on line element models 
from differential geometry have also been used (Wyszecki, 1983). 
The relations between color vision theories and color spaces are sometimes 
made explicit in the color distance formula. Some formulas are developed through 
inductive reasoning, taking into account physical or physiological laws. Examples 
of inductive distance formulas are formulas which incorporate quantum 
fluctuations in photon distribution at low luminance levels, cone outputs according 
to Weber's law at intermediate luminance levels and non-linearities at high levels 
(Schrödinger, Helmholtz, Stiles, Vos & Walraven, in Рокоту and Smith, 1986). 
Other color distance formulas were the result of fitting a distance formula to 
empirical data on small color differences, obtained with discrimination and 
detection experiments (MacAdam, 1939; Wright, in Wyszecki, 1983); their 
relations to color vision theories are less explicit. Unfortunately, it turns out that 
many factors (Robertson, 1981) such as light adaptation level, background color, 
stimulus separation or stimulus texture (color on paper, textiles, or luminous 
colors as on color television) affect the perception of color differences. Therefore, 
in principle, a single color distance model cannot account for the all data. 
Nevertheless, in 1976, the Commission International d'Eclairage (CIE) 
recommended the use of two color spaces, named the 1976 L'uV and 1976 
LVb* color spaces, for the representation of small color differences (Wyszecki & 
Stiles, 1983). These two color spaces account for a large body of data on small 
color differences (Robertson, 1977). An artist's impression of the location of 
colors in a two-dimensional section of the LVv* color space is given on the 
cover page (from Sheppard, 1968). From this impression, it can be seen that the 
u* and v* axes can be conceived of as related to a Hering type of red-green and 
yellow-blue opponent color channel, respectively (Judd & Yonemura, 1970). The 
third dimension L* in the LVv* color space is related to the psychological 
brightness concept, that is the brightness perceived by the average observer is a 
logarithmic function of the luminant energy of the stimulus. The functions 
relating the coordinates of colors in the L*uV and LVb* color spaces to their 
CIE (x,y) chromaticity coordinates are given in for instance Robertson (1977). 
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The power of these color spaces can be considerably improved by adding 
three parameters to the color distance formula, which are adjusted for different 
experimental conditions (Wyszecki, 1983). For the L'uV color space, for 
instance, this results in the following color distance formula: 
d(P,Q) = V(wLAL)2 + (wuAu)2+(wvAv)2, 
where AL, Au, and Αν denote distances along the L*, u*. and v* axes and wL, wu 
and w
v
 are weighting factors. How these weighting factors vary as a function of 
specific experimental conditions is one of the questions tackled in this thesis. 
The color spaces discussed so far are valid only for calculations of color 
differences at or slightly above threshold. For such small color differences, the 
different color attributes, hue, brightness, and saturation, that contribute to the 
difference, are not clearly perceived separately. For larger color differences, 
however, these dimensions can be discerned more easily and become the relevant 
dimensions in the distance formulas. One example is the color order system, 
developed by Munsell at the end of the last century (Wyszecki & Stiles, 1983). 
In this system, which is based on hue, saturation, and brightness as the perceived 
color dimensions, many colors have been ordered in such a way that the 
perceived difference between neighbouring colors within a dimension is of equal 
size. The smallest differences between neighbours are about 5 JNDs along the 
hue and saturation dimensions and about 20 JNDs along the brightness axis. A 
more recent attempt to obtain color order system for steps of about 20 JNDs is 
the £jg color space, which is based on brightness, yellow-blue and red-green 
differences as the perceived color dimensions (MacAdam, 1981). Steps of about 
20 JNDs however, are still relatively small compared to the color differences that 
are present in color displays. The development of methods to measure such large 
color differences and the evaluation of the ability of different color distance 
formulas to account for the results are the main topics of this thesis. 
It is clear that difficulties arise when subjects are asked to judge extremely 
large color differences, e.g., whether green is more similar to red or to blue, 
because some colors are simply too different to be compared meaningfully. 
Anecdotically, the famous color scientist Wyszecki rejected to do any experiments 
on large color differences, claiming that these differences constituted 'more than 
five coconuts' (i.e., five JNDs) and therefore could not be judged by a subject. 
Nevertheless, this thesis will make clear that meaningful information on the 
perception of large color differences can be obtained. 
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We have developed three different methods to measure such large color 
differences and compared the performance of some of the above mentioned color 
spaces, using the collected data. Two methods were developed using derived 
measures of color differences, namely the ability of colored borders to elicit 
rivalry in a binocular rivalry task (Chapter 2) and the ability of adjacent colors to 
elicit spontaneous Gestalt formation (Chapter 3). Both methods have the 
advantage that the subjects do not have to make (difficult) direct color difference 
judgments. The binocular rivalry method proved to be insensitive to color 
differences which can be detected by the blue cones only. Furthermore, relatively 
small differences on the red-green dimension were sufficient to give the same 
rivalry pattern as larger differences. Therefore, we concluded that this method is 
not useful for the measurement of large color differences. The results obtained 
with the Gestalt formation method, however, were very satisfying. The method is 
easy to use, and allowed us to compare several color spaces with respect to their 
ability to predict the Gestalt, perceived by the subjects. This means that one of 
the issues mentioned above, namely the role of color and brightness in pattern 
recognition, has been answered to the extent that a distance model has been 
found that is able to weight the relative power of color and brightness dimensions 
with respect to their ability to make figurai information available to an observer. 
This also has a practical implication in that this distance model might be useful 
to predict the figurai information or grouping, perceived by an observer, when 
looking at more complex colored scenes, such as used in pseudocoloring. It is 
precisely with this application in mind, that we have written Chapter 5, in which 
some guidelines for the use of color, based on the present results, are discussed. 
In Chapter 5, we concluded that our guidelines, which were based on the distance 
model derived for Gestalt formation in Chapter 3, agree well with guidelines 
offered by other authors although our method is more general. On the other hand, 
we also wam against an overly optimistic expectation of either the number of 
areas in which pseudocoloring can be used, or of the improvement that can be 
obtained by the use of pseudocoloring in general. 
The method used in Chapter 4 was used for three reasons. First, the results 
obtained for large color differences with the Gestalt method, described in Chapter 
3, were rather different from the results obtained by others for small color 
differences. Therefore, an experiment has been conducted with conditions 
comparable to those employed in experiments on small color differences; here we 
used direct judgments as a measure of large color differences. Second, the 
method used in Chapter 4 was instrumental in answering the more fundamental 
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questions in the information-processing domain mentioned above. More 
specifically, we have manipulated selective attention through variation of the 
instruction and variation of the color stimuli, and observed the effects of this 
manipulation on the relative contribution of the color dimensions. Though these 
effects have also been investigated before (Gamer & Felfoldy, 1970), the novel 
contribution of our approach is that the magnitude of the effects can be expressed 
in the color distance models. It turns out that the effects are significant (as also 
found by Gamer & Felfoldy, 1970) but not very large. Furthermore, with respect 
to the question of which type of distance model is appropiate to account for our 
data, we are able to conclude that an Euclidean distance model accounts for our 
data quite well, though some evidence for a categorical perception of color 
differences (i.e., colors are recoded discretely, using color names, and perceived 
as different whenever they have different color names) is offered. 
The casual reader is now referred to the Summary, in which the research 
results of Chapters 2 through 5 are summarized. For the persevering reader we 
will now present some additional information that will render the technical 
Chapters 2 through 4 more intelligible. These topics concern the flicker 
photometric method, and findings of Boynton and colleagues concerning the 
effect of pure color differences on the perception of borders. 
Flicker photometry (Wyszecki & Stiles, 1983) is a generally accepted method 
to equate stimuli with respect to their luminance content. The rationale of the 
method lies in the fact that the color channels have a temporal resolution, which 
is low as compared to the resolution of the luminance channel. Through rapid 
alternate presentation (typically 10 to 25 Hz) of a standard color (usually white) 
and a second color with unknown luminance, a distinct flicker is perceived. The 
presentation frequency is too high for the color channels to discriminate the two 
colors. The task of the subject is to adjust the luminance of the second color 
until a minimal amount of flicker is perceived. This occurs when the two colors 
stimulate the luminance pathway equally strongly. It is mainly with flicker 
photometry that the sensitivity spectra of the three cones of an average 'standard' 
observer have been determined (Wyszecki & Stiles, 1983). Individual observers, 
however, may have sensitivities that differ from those of the average 'standard' 
observer. Therefore, we have repeatedly used the method to equate for each 
individual subject the colors with respect to their luminance content. 
The Minimal Distinct Border (MDB) method (Ward & Boynton, 1972) is 
another technique used to equate colors with respect to their luminance content. 
Two colors are presented side by side and again one color is used as a standard. 
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The task of the subjects is to adjust the luminance of the second color until the 
border between the two colors is minimally distinct. In general, the results of the 
flicker photometry and MDB methods are very similar (Wagner & Boynton, 
1974). Interestingly, the perception of a border at isoluminance remains only for 
those colors that differentially stimulate the red or green cones at either side of 
the border (Tansley & Boynton, 1978). Whenever there is differential stimulation 
of the blue cones only (in that case, the colors are said to be tritanopic), the 
perception of the border completely vanishes and the two colors are perceived as 
melting together. The reason is probably found in the sparse density of the blue 
cones in the cone mosaic at the center of the fovea. The significance of this 
phenomenon for the perception of color differences is that one has to take the 
spatial configuration of the colors into account. More specifically, in 
configurations with colors located side by side the luminance and red/green 
differences will be more easily discriminated than differences mediated 
exclusively by the blue cones because additional information is present in the 
form of borders. Examples will be found in Chapters 2 and 3. 
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CHAPTER 2 
BINOCULAR RIVALRY WITH 
CHROMATIC CONTOURS 
The contribution of colored contours to binocular rivalry was investigated. 
Orthogonal circular and radial figures were used as stimuli. Binocular rivalry was 
measured between a fixed achromatic target presented to the left eye, and a 
two-color target presented to the right eye. Various color combinations were 
presented to the right eye to assess the rivalry strength of these color 
combinations. The main conclusion is that the contributions of color contours in 
binocular rivalry and minimally distinct border experiments are closely related; 
that is, signals from short-wavelength-sensitive cones do not make an appreciable 
contribution to rivalry. 
INTRODUCTION 
Levelt (1968) concluded that binocular rivalry is due mainly to the presence and 
amount of nonfusionable contours in each eye (contour effect). In an informal 
experiment, he showed that purely chromatic (isoluminant) red-white contours led 
to similar effects as luminance contours did. To obtain more detailed knowledge 
about the contribution of colored contours to binocular rivalr, we studied the 
course of the binocular rivalry process when the color contours were changed in 
a quantitative manner. The data obtained with this method might be relevant for 
the issue of large color differences. If the rivalry process varies with the color 
distance between the two colors forming the contour, then rivalry might be used 
to quantify combined chromatic and luminance differences. The advantage of this 
method would be that quite large color differences could be measured without 
asking the subject for direct color difference judgments. 
Ward and Boynton's (1974) experiments are of particular interest, given the 
importance of the contour effect in binocular rivalry. In their minimal distinct 
border (MDB) experiments, subjects rated the strength of a chromatic border 
between two juxtaposed color fields with reference to a variable achromatic 
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contour. Tansley and Boynton (1976) found indications in multidimensional 
scaling analysis of MDB experiments that colors along tritanopic confusion lines 
essentially collapse on the spectral locus. This means that in the MDB task, 
differential stimulation of the blue cone is far less effective than differential 
stimulation of the red and green cones (Kaiser & Boynton, 1985; Valberg & 
Tansley, 1977). We suspected that these properties of color contours in MDB 
experiments are also important for binocular rivalry. 
Experiments 1 and 2 of the present study were concerned with the effect of 
color contours in binocular rivalry. An attempt is made in Experiment 3 to 
express the color contour strength in binocular rivalry in terms of an equivalent 
achromatic contrast strength. 
GENERAL METHOD 
Subjects 
Six subjects, 5 males and 1 female, participated in these experiments. They 
ranged in age from 26 to 43 years. Three of them were corrected myopes. The 
subjects were color normal, as determined with the Ishihara color test and the 
Famsworth-Munsell 100- hue test. Four paid subjects were naive and had no 
previous experience with binocular rivalry measurements. The 6 subjects were 
selected out of 9 subjects on the following criteria: maximum reproducability of 
dominance values on a red-green test stimulus and, at worst, composites were 
perceived less that 40 % of the measurement time. 
Equipment 
Stimuli were presented on a high-resolution color monitor (Barco CTVM 2/51 
H) with 10-bit-wide red, green, and blue inputs. The monitor was coupled with a 
DEC PDP 11/23 computer (Wittebrood, Wansink, & de Weert, 1981). We used 
computer programs that enable the luminance of a color to be changed while the 
chromaticity coordinates of the color remain fixed, and programs that allow for 
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variation along a straight line in the combined luminance and chromaticity space. 
Stimulus display and data acquisition were under computer control. 
Stimulus configuration 
Figure 1 shows the stimulus pair presented to the left and the right eyes. One 
stimulus consisted of concentric circles; the other consisted of radiais. Table 1 
contains the luminance levels, as measured with a Pritchard SPECTRA 
photometer. These particular stimuli were chosen instead of the more common 
orthogonal oblique gratings or horizontal/vertical pair of gratings because the 
more common stimuli can give rise to more eye-following motions that in 
particular weaken one stimulus and strengthen the other. 
LEFT EYE RIGHT EYE 
Figure 1: Stimulus pair used for binocular rivalry. The concentric circular figure 
was always presented to the left eye, the segmented radial figure to the right eye. 
In the circular figure, presented to the left eye, achromatic colors were used. 
The Michelson contrast, defined as К = 2 (L^-L^J/CL^+L,,.,,,), was equal to 0.5. 
L,,,« and L,,,,,, are the local luminance levels as given in Table 1. The 
space-averaged luminance of the circular figure was equal to 12 cd/m2. In the 
segmented figure, presented to the right eye, different pairs of colors were 
presented in the segments. A central spot of the same size and color used in the 
circular figure was added to the segmented figure. It provided a steady fixation 
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point, enhancing the fusional stability of the stimuli. Moreover, it set a limit to 
the high-frequency content of the segmented figure. 
The contour lengths in the left and right figures were approximately equal. 
Both the circular and segmented figures subtended visual angles of 1.48°. The 
viewing distance was 3.1 m. A mirror stereoscope was used to combine the left 
and the right figures dichoptically. A septum separated the two figures. 
r n o . 
1 
2 
4 
5 
3 ,6 
X 
. 3 3 
. 3 3 
. 3 3 
. 3 3 
v a r i a b l e 
У 
. 3 3 
. 3 3 
. 3 3 
. 3 3 
Table 1: CIE (x,y) coordinates of the stimulus colors. 
The stimulus background was dark. 
Procedure 
In the segmented figure, pairs of colors were presented in the radial segments. 
If we could assume that both eyes have equal spectral sensitivity curves, it would 
not matter to which eye the colors are presented; because sensitivity differences 
frequently do occur, we chose to present the colored figure always to the right 
eye. The colors used in Experiments 1 and 2 were made isoluminant to white 
(chromaticity coordinates: 0.33,0.33) with a flickerphotometric calibration 
procedure (the flicker rate was 12.5 Hz) with а Г circular field, in which the 
subjects used the right eye only. This was done for each subject. Thus every 
subject had his/her own set of isoluminant colors. The circular figure in the left 
eye remained unchanged during all three experiments. Differences in dominance 
can therefore be attributed only to the variation of colors in the segmented figure. 
Time registration of the binocular rivalry process during 1-min trials was done 
with two switches. The subjects were instructed to fixate the central spot and to 
depress the left or right switch, respectively, whenever the circular or segmented 
figures were completely visible. Composites were perceived but not registered as 
a separate category, since we were interested only in the complete dominance of 
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one figure or the other. The total time of occurrence of composites may be 
derived from the data if necessary. 
After each 1-min of measured rivalry for a given color combination, there was 
a brief rest for 30 sec. Usually, about 10 consecutive trials were given, followed 
by a rest period of at least 3 min. This schedule was not too tight and the 
subjects were urged to pause whenever they wanted. Each session was finished 
after 1 h, during which time an average of 35 combinations were measured. 
Occasionally, two sessions were held on one day. Every color combination was 
repeated 10 times. All combinations were presented in a different random order 
for each subject. A chinrest was used for the fixation of the subjects' head. 
Before each session, the convergence of the color monitor was carefully 
controlled to ensure that no dividing line was visible between the colored 
segments. 
From a 1 minute trial, 7 parameters were computed and stored on file: n, and 
n
r
, the number of times the left or the right stimulus dominated; t, and t,, the 
average duration the left or the right stimulus; s, and s
r
, the standard deviations of 
these durations; and D, the dominance measure, defined as (Τ,-Τ,νίΤ,+Τ,). TF and 
T, are the total times that the right and left stimulus were visible, that is T
r
 = 
η,χΐ, and Τ, = η,χΐ,. 
EXPERIMENT 1 
DOMINANCE OF COLOR PAIRS 
OF SEVEN COLORS 
In this experiment, dominance was measured for each combination of seven 
colors, distributed over that area of the CIE chromaticity space that is covered by 
our color monitor. The colors were made isoluminant at 12 cd/m2 for each 
subject, using the flicker procedure described above. Thus we hoped to avoid the 
contribution of a luminance component to the contour and to obtain purely 
chromatic contours. Table 2 and Figure 2 show the location on the CIE (x,y) 
diagram of the colors used in this experiment. 
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Figure 2: Location in the CIE (x,y) diagram of the colors 
used in Experiment 1. 
color no. L (cd/m2) 
30 
41 
60 
20 
35 
25 
33 
55 
47 
33 
10 
19 
33 
33 
12 
12 
12 
12 
12 
12 
12 
Table 2: CIE (x,y) coordinates of the colors used in 
Experiment 1. Color numbers are the same as those in Figure 2. 
Binocular rivalry with chromatic contours 25 
In the first series, all 15 possible color combinations of the first six colors 
were presented in the segmented figure to the 6 subjects. The mean data of 5 
subjects are presented in Figure 3 (open circles). The dominance of a color pah-
is plotted as a function of the distance between these colors in the CIE 1960 
(u,v) diagram. The CIE (u,v) color-order system is intended to be perceptually 
uniform (Wyszecki & Stiles, 1983) for small color differences. Positive 
dominance values indicate predominance of the segmented figure over the circular 
figure. (For clarity, the data points are connected by lines.) The numbers near the 
data points denote the colors presented in the segmented figure in accordance 
with the color numbers given in Table 2. The standard deviation of D for the 10 
repeated measurements of a given color pair was typically between 0.07 and 0.2 
units of D for individual subjects. 
.6 t 
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Figure 3: Mean dominance values of color pairs in the segmented figure plotted 
against the distance of the colors in the CIE 1960 (u,v) diagram. Open circles 
correspond to the mean data of 5 subjects for the color set containing six colors. 
Closed circles correspond to the mean data of 3 subjects for the color set 
containing seven colors. The closed circles are shifted upwards 0.2 units of D for 
clarity. Positive values indicate predominance of the segmented figure over the 
circular figure. Numbers near the data points denote the colors as given in Table 
2. 
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To assess the intraobserver reproducability and the reliability of the 
measurements, this experiment was repeated with all seven colors (see Table 2). 
Thus dominance values of 21 color combinations were measured in the second 
series. The time interval between these two series was approximately 2.5 months. 
Four subjects, the same as in the first series, participated. The mean data of 3 
subjects are also shown in Figure 3 (closed circles). They are shifted upwards 0.2 
units of D for clarity. 
For every subject, the color combinations were ordered with respect to 
increasing dominance value, and Spearman's coefficient of rank correlation was 
calculated between these two orderings of the first and second series. For the 
subjects J.S., G.W., E.H. and P.S., these coefficients are 0.75, 0.83, 0.94, and 
0.86, respectively. In Table 3 rank correlation coefficients between subjects are 
given. Note that the data for subject E.H. do not agree with those of the other 
subjects; therefore, we have excluded his results from the averaged data, 
presented in Figure 3, although he was not excluded from subsequent analyses. 
P.S. J.S. G.W. E.H. R.W. C.W. 
P.S. - 0.66 
J.S. 
G.W. 
E.H. 
R.W. 
C.W. 
P.S. - 0.77 
J.S. 
G.W. 
E.H. 
Table 3: Spearman's coefficients of rank correlation among 
subjects for the series with 6 (15 combinations; top) and 7 
(21 combinations; bottom) colors. 
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Figure 3 clearly shows the existence of a saturation plateau for large values of 
d(u,v). D seems to increase with increasing CIE (u,v) distance but not 
monotonically. Closer inspection of Figure 3 shows that the dips in the curves 
occur for color pairs consisting of colors along lines pointing more or less to the 
tritanopic confusion point. Only the data of subject E.H. show an exception to 
this general decrease of dominance values for color pairs along tritanopic 
confusion lines. 
The saturation plateau for most subjects in the second series is generally not 
at the same level as that in the first series; that is there is a drift of the 
dominance values over time. This means that dominance values can be compared 
only within one series. 
Some of the isoluminant color combinations-for example (1,6) and 
(2,7)-showed extremely weak chromatic contours. This phenomenon has been 
described previously (Gregory, 1977; Koffka & Harrower, 1931). It supports our 
claim that these colors were isoluminant. Tansley and Boynton (1978) proposed 
that such blurred contours occur when colors are closely set along tritanopic 
confusion lines. This is in accordance with our results. 
We roughly compared our data for the series with seven colors to the MDB 
equivalent achromatic contrast settings given in Ward and Boynton (1974), who 
used spectral colors only. We selected their settings for the spectral colors closest 
to the dominant wavelengths of our colors. Color 5 was excluded since Ward and 
Boynton did not measure any purple. Note that the correspondence between the 
colors is not very good; for example, the color combinations (1,6), (4,7), and 
(2,4) are almost tritanopic in our color set whereas Ward and Boynton's spectral 
counterparts are not. Pearson's product moment correlation coefficients were 
calculated in two ways. First, we correlated individual color combinations; that is, 
we correlated the dominance values of each color combination (see Figure 3, 
closed points, color 5 excluded) with the achromatic contrast equivalents of the 
corresponding MDB color pairs. The correlation r(13) is 0.5, which is significant 
at only the 10 % level (two-tailed test). Second, we correlated the overall 
strength of a color. For every color we added the dominance values of its 
combinations with the remaining five colors to evaluate the overall strength of 
that color. We did the same for the MDB contrast equivalents. This had the 
desired effect of averaging across the orientations of the color pairs in color 
space. The correlation coefficient r(4) = 0.82, which is just significant at the 5 % 
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level (two-tailed test). This correlation is quite good in view of the fact that we 
used nonspectral colors, and it demonstrates that the contour strength of colored 
contours in binocular rivalry and MDB are closely related to each other. 
EXPERIMENT 2 
DOMINANCE OF COLORS 
ALONG CRITICAL AXES 
In Experiment 1 we found indications that the dominance of a stimulus consisting 
of colors positioned along tritanopic confusion lines is relatively low. We dealt 
with this finding in more detail in Experiment 2. Isoluminant colors were chosen 
on two tritanopic confusion lines and on a line, along which the B-cone 
excitation level is constant (Boynton & Kambe, 1980). Again, these colors were 
made isoluminant to 12 cd/m2, using the flicker procedure. We assumed that this 
would eliminate any luminance difference at the contour. Figure 4 and Table 4 
show the colors used in this experiment. 
olor no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
X 
0.550 
0.450 
0.400 
0.375 
0.395 
0.330 
0.300 
0.235 
0.450 
0.400 
0.330 
0.260 
У 
0.359 
0.264 
0.217 
0.193 
0.465 
0.330 
0.26Θ 
0.133 
0.275 
0.300 
0.335 
0.370 
L (cd/m2) 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
Table 4: CIE (x,y) coordinates of the colors used in 
Experiment 2. Color numbers are the same as those in Figure 4. 
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Figure 4: Location in the CIE (x,y) diagram of the colors used in Experiment 2. 
Lines a and b are tritanopic confusion lines; along line с the B-cone excitation 
level is assumed to be constant. 
Lines a and b in Figure 4 are tritanopic confusion lines. Along these lines, 
only the B-cone excitation level changes. Along line c, the B-cone excitation 
level is constant. On every line, four colors were chosen. This yielded a total of 
six possible color pairs per line, which were presented in random sequence in the 
segmented figure in separate series. The dominance of these color pairs was 
measured by the subjects. 
Dominance values, as a function of the distance between two colors in the 
СШ 1960 (u(v) diagram, are plotted in Figures 5a, 5b, and 5c. The numbers near 
the data points denote which color numbers (see Table 4) were presented in the 
segmented figure. Figure 5c shows that the variation of the dominance values 
between the color combinations along line с is not very strong. However, the 
dominance values for the color combinations along the tritanopic confusion lines 
(Figures 5a and 5b) clearly increase with the color distance of the color pair 
along the tritanopic line. 
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Figure 5: Dominance values of color pairs plotted against the distance of these 
colors in the CIE 1960 (u,v) diagram. Colors along lines a and b (Figures 5a and 
5b, respectively) are tritanopic confusion pairs. For colors along line с (Figure 
5c), the B-cone excitation level is assumed to be constant. Color pairs connected 
with lines are made isoluminant with the flicker criterion. The remaining color 
pairs at the right near the (u,v) axis in Figures 5a and 5b are made isoluminant 
using the MDB criterion. Numbers near the data points denote the colors as 
given in Table 4. 
It is commonly held that the presence of nonfusionable contours gives rise to 
binocular rivalry. Tansley and Boynton (1976) found in MDB experiments that В 
cones scarcely participate in border perception, that is, tritanopic color pairs do 
not give rise to contour formation. Although the results of Experiment 1 showed 
that the predominance of stimuli with colors along a tritanopic confusion line is 
relatively weak, the results in Figures 5a and 5b for the two tritanopic lines 
clearly show that the dominance values increase with increasing distance along 
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tritanopic lines. Thus, there is an apparent contradiction between our finding and 
the MDB results. 
This contradiction is resolved if we use the MDB criterion instead of the 
flicker criterion for isoluminance. It appeared that these two criteria lead to 
different luminance levels1. For instance, if the luminances of color pairs (1,4) 
and (5,8) are carefully adjusted to yield a MDB, their dominance values drop to 
the same level as the most leftward points in Figures 5a and 5b. This was the 
case for all 3 subjects. Apparently, the luminance mismatch between the MDB 
and flicker criterion increases as the tritanopic difference between the colors 
increases. We conclude that there is no contour formation for tritanopic color 
pairs and, consequently, no rivalry, provided that the MDB criterion for 
isoluminance is used. This finding confirms the close relationship between the 
contribution of color contours in binocular rivalry and MDB experiments. 
EXPERIMENT 3 
PURE COLOR CONTRAST VERSUS 
ACHROMATIC CONTRAST 
The relative strengths of pure (i.e., isoluminant) color and luminance contours 
have been investigated by several authors. Hilz and Cavonius (1970) found that 
luminance contours are stronger than isoluminant color contours in a grating 
detection task. They estimated that an achromatic contrast of 0.3 to 0.5 gives rise 
to the same acuity as the maximum chromatic contrast. Ward and Boynton 
(1974) found that the maximum equivalent achromatic contrast setting for MDB 
color borders has an achromatic contrast of 0.4 (recalculated with our contrast 
definition). 
1
 The discrepancy between the MDB and flicker criterion was unexpected, since Kaiser 
(1971) and Wagner and Boynton (1972) stated that both methods for luminance calibration 
are very similar. In a control experiment, with the same 4 subjects using the right eye only 
and 5 additional subjeas, we found that a flickerphotometric match with white of 10 cd/m2 
yields an average (9 subjects) blue and yellow luminance level of 10.5 and 10.0 cd/m2, 
respectively. The MDB match of blue with yellow, with the yellow luminance fixed at 10 
cd/m2, yields an average (9 subjects) luminance of 13 cd/m2 for blue. Thus we find that 
significantly more blue is needed in a MDB match, than in the flicker match. In a control 
experiment, we found that the discrepancy disappears when artificial pupils and achromatising 
lenses are used. 
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Figure 6: Dominance value of five red-green and two achromatic color pairs 
used in the segmented figure. From left to right, the closed points correspond to 
color combinations R12G9. RuG,,» K„Gn, R12GI2, and R^G.j. Subscripts denote the 
luminance level in cd/m2. Open points correspond to the dominance values for 
achromatic contrasts of 0.4 and 0.87. Bars indicate one standard deviation. 
In Experiment 3, we measured with binocular rivalry the relative strength of 
color contours (red-green) and achromatic contours. The strongest chromatic color 
combination found in Experiment 1 was red-green. To ensure that this color 
combination was isoluminant, we presented 5 red-green combinations with red 
fixed at 12 cd/m2 and the luminance of green ranging from 9 to 13 cd/m2, as 
measured with the Pritchard photometer. Thus we circumvented a MDB 
isoluminance match for red-green. This match is quite difficult to obtain because 
the border never disappears. Insofar as red-green MDB matches were made, the 
green luminance levels were always within the given interval. Furthermore, two 
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achromatic contrasts of 0.4 and 0.87 were presented. The red-green and 
achromatic combinations were presented at random in one series in the segmented 
figure. Five subjects participated. The results are shown in Figure 6. 
As shown in Figure 6, the differentiation between the various red-green 
combinations is weak, due to saturation effects. One would expect the presence 
of a minimum in the dominance values for the red-green combinations, when the 
luminances of red and green colors are equal according to the MDB criterion. 
This minimum is not pronounced, because the red-green border remains quite 
visible, whatever the relative red-green luminance levels. 
The intersubject variability in the results is quite large. Figure 6 shows that 
the dominance value for the achromatic contrast of 0.87 is well above or at the 
same level as the minimum of the red-green dominance values, except for subject 
JS. The dominance value of achromatic contrast of 0.4, is below the minimum of 
the red-green dominance values, except for subject E.H. We conclude that, given 
the intersubject variability, no reliable estimate of the achromatic contrast, 
equivalent to the red-green pure color contrast, can be made. However, our data 
do not seem to be unreasonable in view of the achromatic contrast values of 
about 0.4, suggested by Hilz and Cavonius (1970) and Ward and Boynton (1974), 
which were obtained with different experimental methods. 
GENERAL DISCUSSION 
In these experiments, we investigated the role of purely chromatic contours in 
binocular rivalry. The results indicate that colored contours contribute to binocular 
rivalry in the same way that they contribute to MDB strength; that is, 
short-wavelength-sensitive cones do not make an appreciable contribution to 
rivalry. The absence of a MDB for tritanopic color pairs is mirrored by the 
almost complete absence of rivalry with contours formed by such color pairs, 
provided a precise isoluminance match using the MDB criterion is made. 
Our conclusions agree fully with those arrived at by Rogers and Hollins 
(1982), who measured binocular rivalry for a series of colored targets in 
trichromats and dichromats. They found an effect of color on binocular rivalry for 
trichromats but not for dichromats. From this, they concluded that binocular 
rivalry is tritanopic. The occasional breakdown of rivalry, anecdotically mentioned 
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for their 453- and 482-nm color pair, also agrees well with the decrease or 
breakdown of rivalry, that we recorded for several tritanopic color pairs. Note 
that their colors were equated for brightness. The brightness and MDB criterion 
lead to quite different luminance levels, as the saturation of a color increases 
(Wagner & Boynton, 1972). This explains that no breakdown of rivalry for other 
more or less tritanopic color pairs was recorded in their data. 
The presented method appears to be inadequate to quantify large color 
differences between the two colors, forming the chromatic borders in the 
segmented figure. First, there is the saturation in dominance when the color 
difference, expressed in CIE 1960 (u,v) units, becomes larger. This saturation sets 
in early for colors, discriminated by a Hering type of red-green opponent color 
channel. Second, the intersubject variability in the relative chromatic contour 
strengths, measured with binocular rivalry, is quite large indicating that the 
method cannot be used for precise quantitative measurements. Finally, neither 
binocular rivalry nor the MDB method that was proposed by Ward and Boynton 
(1974) for the measurement of large color differences is sensitive to tritanopic 
color differences. 
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CHAPTER 3 
LARGE COLOR DIFFERENCES MEASURED 
BY SPONTANEOUS GESTALT FORMATION 
Gestalt formation is used as a means to measure large color differences. The 
stimulus is presented in the form of the Star of David, being made of two 
overlapping triangles of different color, with the overlap being in a third color. 
Through Gestalt formation the subjects perceive a triangle pointing to the left or 
to the right. Gestalt formation is assumed to occur for color combinations with 
the smallest perceptual distance. 
We simulated responses at the ordinal level with several uniform-color-distance 
models, derived from near-threshold color-discrimination experiments. For 
isoluminant colors 84 % of the responses, and for non-isoluminant colors 76 % 
of the responses, are predicted correctly by the best model. We argue that the 
tritanopic direction is crucial for the understanding of large-color-difference data. 
INTRODUCTION 
The introduction of color televisions and color monitors has dramatically 
increased the use of color for conveying information. Unfortunately, color is often 
added just because it is available by designers who are not guided by any 
knowledge about the possible effects of its use. But knowledge about color 
metrics is exactly the kind of aid designers need. 
Usually scaling methods are used (Indow, 1980; Tansley & Boynton, 1976) to 
obtain a geometrical representation of colors in a multidimensional space. Another 
way is to start from perceptually uniform color scales based on near-threshold 
experiments (Wyszecki & Stiles, 1983) such as the L*uV or L*a*b* color spaces. 
For large color differences (more than 70 L*uV units), one should expect that 
deviations from these spaces occur since such spaces are not intended to quantify 
large color differences. By rescaling the axes of the color spaces one can 
optimize the fit between the model calculations and the data. This approach has 
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been followed by other authors (Post, Costanza, & Lippert, 1982; Post, Lippert, 
& Snyder, 1983). More research is needed to establish how large the weighting 
factors for these axes should be under different experimental conditions 
(Wyszecki & Stiles, 1983) and to decide in favour of one of the currently 
recommended color spaces as a standard (Robertson, 1977). The present research 
was done to clarify some of these problems. 
Quantitative knowledge of large color differences is very important when 
multicolored information is presented in pseudocoloring or when color is used for 
coding many different classes. Color is processed at a preattentive level 
(Treisman, 1986): Even unattended it may lead to unconscious and sometimes 
unwanted linkage of parts in a picture into a whole. This process is called Gestalt 
formation. To avoid the formation of such unwanted Gestalts, quantitative 
knowledge about perceived color distances is necessary. In the present study we 
reversed the process and used Gestalt formation as a means to measure large 
color differences. Thus, contrary to the use of scaling methods, the subjects did 
not have to give direct color-difference judgments. Gestalt formation is assumed 
to occur for those colors that have the smallest perceptual distance. Our results 
may be important for uniform-color-scale applications in pseudocoloring 
techniques (Tajima, 1983). 
GENERAL METHOD 
Stimulus configuration 
The stimulus is in the form of the star of David, with three different colors in 
the parts labeled i,j,k in Figure 1. It was presented on a dark background because 
we were only interested in the interaction of colors within the figure and not in 
the interaction between the colors in the figure and the background. Color 
surfaces were adjacent and no dividing line was visible at their borders. 
Each stimulus was presented at the centre of the color monitor for 1 s. This is 
sufficiently long to allow for good discrimination between the colors (Hita, 
Romero, Jiménez del Barco, & Martínez, 1982). The stimulus height subtended 
2.45° and the viewing distance was 2.8 m. 
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Figure 1: Stimulus configuration. In the adjacent surfaces labeled ij, and k, three 
different colors are presented. 
Equipment 
Stimuli were presented in the centre of a high-resolution color monitor (Barco 
CTVM 2/51 H) with 10 bits wide R, G, and В inputs, coupled to a PDP 11/23 
computer (Wittebrood, Wansink, & de Weert, 1981). Stimulus display and data 
acquisition were under computer control. Programs were available to change the 
luminance of a color while keeping the chromaticity coordinates of the color 
fixed. Other programs allowed for variation along paths in the combined 
luminance and chromaticity space. 
Procedure 
Each subject had his own set of colors. The luminances of these colors were 
determined using flicker photometry against white with CIE (x,y) chromaticity 
coordinates of (0.33, 0.33) at the various luminance levels. This way, the colors 
were isoluminant for each subject individually. Flicker photometry was used 
because the CIE luminosity function is determined by this method. Luminances 
were calibrated with a Pritchard SPECTRA photometer. 
The subjects were instructed to interpret the stimulus (Figure 1) as composed 
of two overlapping triangles with vertical bases. They had to decide which 
triangle was most easily seen as a whole, the triangle pointing horizontally to the 
left or the one pointing horizontally to the right. This meant that the similarity 
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between the central part к and the peripheral parts i is compared to the similarity 
between к and the peripheral parts j . The subject then pressed one of 2 switches 
in front of him, the right-hand switch corresponding to the triangle pointing to 
the right and vice versa. These switches were connected to the computer and the 
responses were stored on file. 
Usually the fusion of stimulus parts into one large triangle would come about 
automatically, without any effort. If the color difference (i,k) is large, then the 
triangle will not be one, which is more or less homogeneously colored. 
Nevertheless, it will dominate the triangle consisting of к and j , when the 
difference between j and к is even larger. 
The subjects were trained to ensure that the task was interpreted correctly with 
a special effort made to point out the following obvious misinterpretation: A very 
conspicuous color e.g., red present in, say, parts with label i in Figure 1, could 
evoke a false "left" response, because the conspicuous collection of the three 
small red triangles was pointing towards the left. Nevertheless, the large triangle 
was composed of the parts к and j , and was pointing towards the right. Some 
subjects were misled by such a stimulus, until it was pointed out to them. 
Subjects were discouraged from contemplating their decision at length, but urged 
instead to respond spontaneously and swiftly. 
The next stimulus was presented 1 s after a response was made. All triadic 
combinations of a color set were presented and their order of presentation was 
randomized for each subject separately. Each session lasted one hour. An average 
of 800 combinations was measured in 1 h, while the number of sessions was 
restricted to two a day. Subjects were encouraged to pause at will. 
Before each session, the convergence of the color monitor was carefully 
adjusted to ensure that no dividing line was visible between adjacent stimulus 
parts. 
Subjects 
Ten paid subjects, seven males and three females, participated in these 
experiments. They ranged in age from 21 to 30 years. Five of them were 
corrected myopes. They were color normal as determined with a battery of color 
tests including the Famsworth-Munsell 100 Hue test. Eight subjects were kept 
ignorant of the purpose of the experiments. 
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EXPERIMENT 1 
THE ISOLUMINANT PLANE 
Figure 2 and Table 1 give the position in the CIE (x,y) diagram of the colors 
used in this experiment. The colors were isoluminant at 15 cd/m2, using the 
flicker procedure described above. They were chosen on the intersections of 
tritanopic confusion lines and lines along which the blue cone stimulation is 
assumed to be constant (Boynton & Kambe, 1980). The latter lines were chosen 
to be more or less equidistant in the CIE L'uV color space (see inset of Figure 
2). Along a tritanopic confusion line, the ratio of the red- and green-cone 
stimulation is assumed to be constant. Differences between two colors along a 
tritanopic confusion line are assumed to be detected only by the blue cones. 
All triadic combinations of these 16 colors were repeated once and presented 
in random order to 10 subjects. This yields a total of 16 χ 15 χ 14 χ 2 = 6720 
presentations for each subject. 
color χ y L(cd/m2) 
A 
В 
С 
D 
E 
F 
G 
H 
I 
J 
К 
L 
M 
N 
0 
Ρ 
0 . 2 6 8 
0 . 3 5 5 
0 . 4 1 9 
0 . 4 7 7 
0 . 5 2 2 
0 . 2 3 7 
0 . 3 0 3 
0 . 3 5 4 
0 . 4 0 3 
0 . 4 4 4 
0 . 2 1 7 
0 . 2 6 4 
0 . 3 0 3 
0 . 3 4 2 
0 . 2 3 6 
0 . 1 9 0 
0 . 4 5 7 
0 . 4 0 2 
0 . 3 6 3 
0 . 3 2 7 
0 . 3 0 0 
0 . 3 1 6 
0 . 2 8 8 
0 . 2 6 8 
0 . 2 4 8 
0 . 2 3 2 
0 . 2 1 7 
0 . 2 0 4 
0 . 1 9 3 
0 . 1 8 2 
0 . 1 4 2 
0 . 0 9 1 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
Table 1: CIE (x,y) chroraaticity coordinates of the stimulus 
colors. The stimulus background is dark. 
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Figure 2: Location of the colors used in Experiment 1 on the CIE (x,y) diagram. 
Solid lines are tritanopic confusion and lines along which the B-cone excitation 
level is assumed to be constant. The three open circles indicate the chromacities 
of the color-monitor phosphors. The inset shows the location of the colors on the 
CIE 1976 LVv* color space. 
Large color differences measured by spontaneous Gestalt formation. 43 
Multidimensional scaling analysis 
The responses give information at the ordinal level about the relative distances 
of the colors in the stimulus. Suppose three colors, i,j, and k, are presented in the 
stimulus (Figure 1). If the response is to the left, the perceptual distance or 
dissimilarity of (i,k) is assumed to be smaller than (j,k). In this case, we assign 
to (j.k) a value of 1. Summing over all triadic pairs with fixed k, we obtain a 16 
χ 16-row conditional dissimilarity matrix. This matrix was used as input to the 
multidimensional scaling (MDS) program ALSCAL, version 4.01 D (Young, 
Takane & Lewyckyj, 1978). The object of this program is to generate a spatial 
configuration of the colors in an Euclidean space, such that the relative Euclidean 
distances between the colors correspond as closely as possible with the 
dissimilarity data. The goodness of fit between the dissimilarity data and the 
MDS solution is expressed by the "stress" parameter. 
In Figure 3, the MDS solution of the data of the ten subjects in the replicated 
analysis mode (McGee, 1968) is given in two dimensions. In this analysis mode, 
all 10 input dissimilarity matrices are considered simultaneously and treated as 
repeated measurements. As a starting configuration, we chose the color 
coordinates in the CIE 1960 UCS (u,v) color space (Wyszecki, 1983). The same 
two-dimensional solution was obtained without a starting configuration. Stress 
values (S-stress formula 1) were 0.11. The scaling solutions for the individual 
subject data showed the lowest stress values when the UCS (u,v) starting 
configuration was used, and their spatial configuration resembles closely the 
solution shown in Figure 3. 
The resemblance between the configuration of the points in the CIE 1976 
L*uV color space and the MDS solution is striking, though there is a clear 
contraction along the tritanopic confusion lines by a factor of about 0.5. 
Discussion 
In minimal distinct border (MDB) experiments (Tansley & Boynton, 1978), in 
which subjects rate the strength of a border formed by two adjacent color 
surfaces, it has been found that color combinations along tritanopic confusion 
lines are hardly able to sustain contours. Thus Gestalt formation will occur more 
readily for tritanopic colors, simply because the borders between those colors are 
weak. This can explain the observed contraction by a factor of 0.5 along the 
tritanopic confusion lines in our data. 
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Figure 3: Multi dimensional scaling solution based on the dissimilarity matrices 
of 10 subjects. 
Inspection of data presented by Mollon and Cavonius (1986) also show a 
contraction of 0.5 along tritanopic lines. They used discriminative reaction times 
to scale large color differences. Also, the response speed for reading colored 
numerals on colored backgrounds (Post et al., 1982) and the luminance 
modulation, equivalent to color contrast (Post et ai, 1983), are usually best 
predicted by the CIE 1976 L*uV space if the v* axis is contracted by a factor 
0.5 approximately.' Both the last two methods as well as our Gestalt method 
involve a discrimination of directly adjacent surfaces with colors that are widely 
separated in chromaticity space. Given the results of the MDB experiments, a 
contraction along the tritanopic lines is to be expected. Despite great differences 
in experimental method, inspection of the data presented shows that a common 
contraction factor of 0.5, applied to the v" axis of the CIE 1976 L*uV system, 
occurs for all three methods. 
1
 Note that, considering the range of possible colors on a color monitor, 
the v* axis is more or less parallel to the tritanopic confusion lines (see inset on 
Figure 2 and also Judd and Yonemura, 1969). 
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EXPERIMENT 2 
COMBINED LUMINANCE 
AND COLOR DIFFERENCES 
The synthesis of chromaticity and lightness differences has resulted in the 
development of several uniform color spaces (Wyszecki & Stiles, 1983; 
Robertson, 1977) such as the CIE 1976 L'uV and LVb* color spaces. Their axes 
usually need rescaling to obtain a good fit with experimental data (Wyszecki, 
1983). Encouraged by the close correspondence of the rescaled CIE 1976 LVv* 
metric with our scaling results for large color differences in the isoluminant 
plane, we hoped to derive a (rescaled) uniform color space for non-isoluminant 
colors as well. The configuration of the color set used in this experiment is 
inspired by the regular rhombohedral lattice as described by Wyszcecki (1983) 
and depicted in Figure 4. Using a trial and error method, we found a 
configuration in the CIE (x,y,L) space that, once transformed to the CIE 1976 
L'uV system, closely resembled the cubo-octahedron of Figure 4. The vertical 
direction of the rhombohedral is shortened by a factor of 4 to stay within the 
available range of the luminance levels of our color monitor. As the adaptation 
illuminant, as it occurs in the L'uV transformation formulae, we chose white 
with CIE (x,y) chromaticity coordinates of (0.33, 0.33) at 15 cd/m2 (we will 
digress on this choice below). The location of the 13 colors in the CIE (x,y) 
chromaticity chart is given in Figure 5 and Table 2. Colors B,C,G (26.6 cd/m2) 
lie above and colors E,F,L (7.4 cd/m2) are below the middle isoluminant plane, 
which is at 15 cd/m2. 
All triadic combinations of these 13 colors were presented in random order to 
seven subjects. This yields a total of 13 χ 12 χ 11 = 1716 presentations for each 
subject. Instruction and stimulus remained unchanged. It should be noted that the 
subjects considered the task to be more difficult with this color set, partly 
because stimuli could seem to be transparent. 
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F E 
Figure 4: Position of the colors in the L'uV space. The colors are located at the 
positions A up to and including M. Colors in a horizontal plane are isoluminant. 
Note that the configuration is actually compressed along the vertical dimension. 
Figure 5: Location of the colors used in Experiment 2 on the CIE (x,y) diagram. 
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color χ y L (cd/m2) 
A 
В 
С 
D 
E 
F 
G 
H 
I 
J 
к 
L 
M 
0 . 2 6 9 
0 . 2 6 9 
0 . 3 3 7 
0 . 4 1 8 
0 . 3 9 6 
0 . 3 2 0 
0 . 3 5 4 
0 . 4 5 0 
0 . 3 6 7 
0 . 2 1 4 
0 . 2 7 0 
0 . 2 9 9 
0 . 3 2 7 
0 . 1 5 7 
0 . 2 0 1 
0 . 3 1 3 
0.3Θ2 
0 . 2 9 7 
0 . 1 9 2 
0 . 2 3 9 
0 . 2 8 3 
0 . 1 8 5 
0 . 2 1 0 
0 . 3 3 1 
0 . 2 5 1 
0 . 2 4 5 
1 5 . 0 0 
2 6 . 6 5 
2 6 . 6 5 
1 5 . 0 0 
7 . 3 6 
7 . 3 6 
2 6 . 6 5 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
1 5 . 0 0 
7 . 3 6 
1 5 . 0 0 
Table 2: CIE (x,y) chromaticity coordinates 
of the colors used in Experiment 2. 
Multidimensional scaling analysis 
With the MDS program ALSCAL, we calculated a scaling solution in the 
replicated MDS mode in three dimensions, with and without the L*uV locations 
of the colors as a starting configuration. Both solutions have almost equal S-stress 
values (0.163 and 0.158) though they show quite different spatial configurations. 
The solution, shown in Figure 6, using the LVv* starting configuration, resembles 
closely the rhombohedral lattice in Figure 4. Note that along the luminance 
dimension, the shortening by a factor of 4, which we introduced ourselves in the 
stimulus choice, does not show up in the scaling solution. 
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S-stress = 0.16 
7 subjects 
Figure 6: Multi dimensional scaling solution, based on the dissimilarity matrices 
of seven subjects. Arrows pointing to the left indicate that the points are in front 
of the plane of the paper and vice versa. Lines are drawn to clarify the spatial 
configuration. 
Figure 6 shows that a rescaled version of the L*uV color system is in 
accordance with the scaling solution. However, it is our intention to compare the 
relative performance of different color spaces. Inspection of the scaling solution 
without a starting configuration casts serious doubts on the accuracy of the 
stimulus coordinates of the scaling solution depicted in Figure 6, because they 
were quite dissimilar. Still the S-stress values for both solutions are almost equal! 
We decided, that for the comparison of the different color systems, MDS is not 
the appropriate method, particularly because no rigorous methods have been 
developed for model testing with MDS. Therefore, we decided to test the 
predictions of several color metrics strictly at the ordinal level, since the data are 
also collected at the ordinal level. Though, of course, the variability in the data 
remains, it can be assessed more accurately by means of an ordinal analysis. 
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COLOR METRICS COMPARED 
AT THE ORDINAL LEVEL 
In both experiments, each subject compared three colors i,j,k as described above. 
We compared the responses per subject with simulated data from several models 
and counted the number of violations: If the subject's response indicated a 
Gestalt of i with к and the model yielded d(i,k) larger than d(j,k), then one 
violation was counted. If d(i,k) = d(j,k) in any model then this case was counted 
as an equal and excluded from the total number of comparisons. Through 
accumulation of the number of violations, the model's performance was tested. 
The isoluminant plane 
We decided to compare the performance of 6 color spaces. These spaces are 
the CIE 1931 (x,y), CIE 1976 L'uV, a rescaled CIE 1976 L'uV with the v' axis 
contracted by a factor 2, CIE 1976 LYb\ LABHNU (Richter, 1980) and Wab 
space (Post, 1982). L'uV, L'a'b" and LABHNU claim to be perceptually uniform 
for near-threshold color-discrimination experiments. Distances in these spaces are 
calculated with an Euclidean metric i.e., 
d(P,Q) = V(xP-x4)2 + (yP-yq)2. 
We introduced weight factors in this formula to allow for indepent rescaling of 
the color and luminance axes. Note that these spaces are not intended for 
calculations of large color distances. The rescaled L'uV, designated as Luv/2 (see 
Table 3), was chosen conform to the contraction of the v" axis, found in the 
MDS solution of Experiment 1. The Wab space is a linear transformation of the 
CIE tristimulus space. 
For each color space we accumulated the number of violations per subject. 
The number of responses considered is 6716 for each subject. Next, the error 
percentage was calculated, i.e., the number of violations divided by the number 
of presentations for each subject. In Figure 7, we have plotted the error 
percentage for each color space, averaged over 10 subjects. Bars indicate one 
standard deviation. 
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Figure 7: The performances of six color spaces for the isoluminant color set of 
Experiment 1. The percentage of violations, averaged over 10 subjects, is plotted 
along the vertical axis. For each subject, 6716 responses were valuated with 
respect to their consistency with the 6 models. Bars indicate one standard 
deviation. 
The results for large color differences in the isoluminant plane can be 
summarized as follows: The Luv/2 space is best, in accordance with the results 
of the MDS solution. It accounts for 83.8 % of the experimental responses. The 
CIE 1976 L*uV and Wab spaces are second best while somewhat surprisingly 
the CIE (x,y) space comes out as bad as the L'aV and LABHNU spaces. The 
difference between the L'uV and the L'aV space is significant (t = 2.85, df = 9, 
ρ < 0.02). The relative performances of these color spaces among the 10 subjects 
agree nearly perfectly. The Luv/2, L'uV and Wab spaces were first, second and 
third best in every case. Kendall's coefficient of concordance W among the 10 
sets of ranks of these six color spaces was 0.91. Note that the relative weight of 
the luminance axis is undetermined because only isoluminant colors were used. 
As a check, we compared the number of violations for rescaled L'uV color 
spaces with the v* axis weighted with a factor ranging from 0.3 to 0.7 in steps of 
0.1. Though the differences between the number of violations averaged over 10 
subjects are not significant, a weight factor of 0.5 yielded the lowest average 
number of violations. For six subjects the lowest number of violations occurred 
with this contraction factor. Rescaling of the b' axis in the L'a'b* color space did 
not lead to significant improvements. 
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The combined luminance and color plane 
As a start, we determined the relative length of the luminance axis that 
yielded the lowest number of violations for the CŒ 1976 L'a'b* and the Luv/2 
space. Guided by the MDS results, which showed a relative elongation of the 
luminance axis, we counted the number of violations for six rescaled versions of 
the Luv/2 space for each subject; the luminance axis was elongated with a factor 
between 2 and 10 in six steps. The results were then averaged over seven 
subjects. Per subject, 1680 responses were evaluated. A shallow minimum in the 
number of violations as a function of the elongation factor was found, though the 
differences in the numbers of violations are not significant when the elongation 
factor varies from 3 to 6.6. The same result was found for elongation of the L' 
axis of the LVb* color space. The optimum elongation factors for the luminance 
axis in the Luv/2 and L'a'b* spaces were 5 and 4, respectively, which agree with 
76 % and 73 % of the responses. The optimum rescaled spaces will be 
designated as 5Luv# and 4Lab henceforth. 
Next, a comparison was made between the following color spaces: the CIE 
tristimulus XYZ, the CIE 1976 L'uV, 5Luv/2, CIE 1976 LVb*. 4Lab and Wab. 
The LABHNU color space was excluded because it is almost indistinguishable 
from the L'a'b* space for large color differences. In Figure 8, the number of 
violations of each color space, averaged over seven subjects, is plotted. Per 
subject, 1634 responses were considered. Bars indicate one standard deviation. 
In the nature of things, the rescaled color spaces show the smallest number of 
violations. It is clear that a relative elongation of the luminance axis results in a 
much better fit with the data. For all 7 subjects, the rescaled 5Luv/2 space shows 
the lowest number of violations. Kendall's coefficient of concordance among the 
seven sets of ranks of the six color spaces is 0.63. 
Designation Rescaling factor 
Luv/2 v' axis divided by a factor of 2 
5Luv/2 v* axis divided by a factor of 2 
L* axis multiplied by a factor of 5 
4Lab L* axis multiplied by a factor of 4 
Table 3: Designation of rescaled versions of the 
CIE 1976 L'u'v' and L'a'b' color spaces. 
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Figure 8: The performances of six color spaces for the non-isoluminant color set 
of Experiment 2. The percentage of violations, averaged over seven subjects, is 
plotted along the vertical axis. For each subject, 1634 responses were evaluated 
with respect to their consistency with the six models. Bars indicate one standard 
deviation. 
For more detailed insight, we examined the performance of these models in 
specific planes of Figure 4, i.e., violations were counted only for colors in a 
particular plane. Again, the average over seven subjects of the number of 
violations per model is plotted. Results are given in Figure 9. 
As one would expect from Experiment 1, the contraction of v" axis in the 
5Luv/2 space gives the best results in the isoluminant plane AJKDHI. In the 
planes IGCKLF and BGHELJ, rescaling of the luminance axis has little or no 
effect on the performance of the rescaled color space. However, in the plane 
ABCDEF, containing the tritanopic confusion point, elongation of the luminance 
axis vastly improves the model's accuracy. Again, the tritanopic direction appears 
to be crucial for rescaling the color metrics. This explains why rescaling of the b* 
axis in the L'a'b" color space, as described above, did not lead to significant 
improvements, namely because the a" and b" axes are at 45° with the critical 
tritanopic direction. 
n = 7 
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Figure 9: The performances of six color spaces, for four cuts of the 
rhombohedral color set of Figure 4. The percentage of violations, averaged over 
seven subjects, is plotted along the vertical axis. For each subject, 208 responses 
were evaluated with respect to their consistency with the six models, except for 
the isoluminant plane, where only 132 responses were evaluated. Bars indicate 
one standard deviation. 
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Further analysis 
So far, the rescaled 5Ьи Д system agrees with 76 % of the responses. We 
were interested to find out whether violations occur at random. Only results for 
the 5Luv/2 space are discussed. 
Given the configuration of colors in the three-dimensional color space, one can 
calculate the difference in distance d(i,k) - d(j,k) for triadic combinations and 
sort these distance differences in intervals. We did this for the 5Luv/2 space. The 
triadic distance differences were sorted in 12 intervals. The resulting distribution 
of differences in distance, according to the 5Luv/2 space, is plotted in Figures 10 
and 11 for the the color sets used in Experiments 1 and 2, respectively (open 
bars, left vertical axis). The intervals in both plots are of equal size. It appears 
that the bulk of the distance differences of the triadic color combinations is 
located in the lowest intervals. 
Next, we calculated for every violation the corresponding distance difference 
and accumulated the number of violations in each distance difference interval for 
each subject. These values were averaged over the subjects and plotted in Figures 
10 and 11 for Experiment 1 and 2, respectively (closed bars, right vertical axis). 
For large distance differences, relatively few errors occur. Over 50 % of the 
violations are located in the lowest distance difference interval, i.e., when d(i,k) 
and d(j,k) are of comparable magnitude. In this condition, subjects will probably 
have difficulties with the task, because the Gestalt formation is about equally 
strong in either direction. 
A source for the errors might be found in the intrinsic variability of the 
luminance levels, which have a standard deviation of about 5 % (Kaiser, 1971). 
This leads to uncontrollable variation in the perception of the colors. Particularly 
in the lowest distance difference interval, this will result in more violations, 
because the actual CIE (x,y,L) chromaticity coordinates used for the distance 
calculations are perceived differently. 
Given these considerations and given the interobserver variability, it is 
questionable whether major improvements in the search for uniform color spaces 
for large color differences may be expected. 
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Figure 10: The performance of the 5Luv/2 rescaled color space for the 
isoluminant color set of Experiment 1. The open bars (left vertical axis) show the 
number of stimuli presented that have a distance difference in a given interval. 
The closed bars (right vertical axis) show the number of violations, averaged over 
10 subjects, that occurred in each interval. 
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Figure 11: Performance of the 5Luv/2 rescaled color space for the 
non-isoluminant color set of Experiment 2. The open bars (left vertical axis) 
show the number of stimuli presented that have a distance difference in a given 
interval. The closed bars (right vertical axis) show the number of violations, 
averaged over seven subjects, that occurred in each interval. The interval size is 
the same as in Figure 10. 
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GENERAL DISCUSSION 
In this article, we introduced a new experimental method, based on spontaneous 
Gestalt formation, for the measurement of large color differences. The method 
appears to be quite useful. We have used it to compare the performance of 
several color models, intended for small color differences, for large 
color-difference data. 
The best model is a rescaled version of the CIE L*uV color space, in which 
the luminance axis is elongated by a factor of 5 and the v* axis is contracted by 
a factor of 0.5. Attention is drawn to the fact that contraction of the v* axis with 
a factor 0.5 is also found by several other authors using completely different 
experimental methods for the measurement of large color differences (see 
discussion for Experiment 1). 
Compared to data of Post and colleagues (1982, 1983), the variation of the 
data accounted for by the best model for this Gestalt method is larger, especially 
when luminance variation is involved. This may be due to many factors, since 
completely different stimuli, tasks and analysis methods were used. In particular, 
Post and colleagues used multilinear regression techniques to fit their dissimilarity 
measures (response speed or luminance modulation) to the color models. If this 
dissimilarity measure is nonlinear with the model distances, the fit is expected to 
decrease. Furthermore, we used the flicker criterion for isoluminance for each 
subject separately. Post and colleagues used brightness-matched stimuli or stimuli 
that were photometrically matched. It must be emphasized that the L*uV and 
LVb* formulae are stated in terms of reflectancies, i.e., for surface colors. 
However, luminances of aperture colors, as encountered on color monitors, cannot 
be expressed in terms of reflectancies since the nature of the nominally white 
stimulus is unknown. Post (1984) gives a clear exposition of this problem. He 
recommends the use of cd/m2 as the photometric unit in aperture-mode viewing. 
Since the CIE luminosity function is mainly determined by flicker photometry, 
we think that the use of the flicker criterion should be preferred in general. 
With respect to the choice of the nominally white stimulus, we would like to 
make the following remarks. We chose white ((x,y) = (0.33,0.33)) of 15 cd/m2, 
because this was about the central color in our color sets. Our choice does not 
conform to the guidelines for the L*uV system since it will generate L* values 
larger than 100 for colors with luminance levels larger than 15 cd/m2. However, 
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calculations of triadic differences in distance, using an adaptation illuminant of 15 
versus 26, 50, or 100 cd/m2, show that, out of 1716 comparisons, there are only 
12, 22, or 42 violations at the ordinal level, respectively, though of course the 
absolute distance differences are scaled down. By all means, this method is not 
sensitive enough to detect which adaptation illuminant should be used. Therefore, 
in our case, the choice of the luminance level of the adaptation illuminant is not 
critical. On the contrary, a change in the Cffi (x,y) chromaticity coordinates of 
the adaptational illuminant to, e.g., (.2,.l) leads to 450 violations out of 1716 
comparisons at the ordinal level. No attempts were made to model the 
chromaticity coordinates of the adaptation illuminant in this article. 
We would like to emphasize that, strictly speaking, the rescaled 5Luv/2 color 
scale is only suited for the particular conditions in this experiment, though one 
may guess that it would also work well for the prediction of Gestalt formation in 
pseudocoloring. The precise ratio of the axes for large color differences depends 
on many factors, such as stimulus configuration and size, task, and subject's 
strategy. Using reaction time-like measures, contraction along the tritanopic axis 
has been found by several investigators (Mollon and Cavonius, 1985; Post et al., 
1983). Very large elongations (a factor of 8 and larger) of the luminance axis are 
found in response-speed tasks (Post et al., 1983) with small targets. These 
findings are supported by more fundamental research on border distinctness 
(Frome, Buck, & Boynton, 1981) and sluggish temporal properties of the blue 
cones (Tansley and Boynton, 1978).2 
2
 After completion of this draft, we checked the performance of the ATDN 
uniform color space, based on tritanopic and deuteranopic axes (Benzschawel and 
Guth, 1984). The axes were rescaled to obtain the best fit with the data. For the 
the isoluminant color set, ATDN was slightly better (not significantly) than the 
Luv/2 color space. For the non-isoluminant color set, it was worse (p < 0.001) 
than the 5Luv/2 color space. This is because the achromatic axis A, in the 
ATDN color space, is set equal to the photopic luminosity. This is also the case 
for the XYZ and Wab color spaces. In the L'uV and L'a'b* color spaces, L* is a 
brightness measure, which is a power function of the photopic luminosity. 
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CONCLUSION 
Pointer (1976) compared the performance of the LVv* and L'a'b* color spaces. 
For representing near-threshold color difference data, they did not find superiority 
in uniformity in either color space. Robertson (1977) draws the same conclusion. 
Our experiment generates data for large color differences on a color monitor, 
using a new method, based on spontaneous Gestalt formation. We found that, for 
isoluminant colors, LVv* is better (p < 0.02) than L*aV. For non-isoluminant 
colors there is no significant difference. 
More important, the tritanopic axis appears to be crucial for the understanding 
of our data and for the understanding of large color difference data of other 
authors. In the L'uV color space, the v" axis, at least for the color domain of 
color monitors, is more or less parallel to the critical tritanopic axes (Judd and 
Yonemura, 1970). Therefore, rescaling of the axes of the LVv* and L'a'b* color 
spaces will, probably, give better and at least more meaningful results for the 
LVv* color space. 
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CHAPTER 4 
LARGE COLOR DIFFERENCES 
AND SELECTIVE ATTENTION 
Similarity data for large color differences, obtained with triadic comparisons, are 
presented. Approximately 63000 judgments are collected. We have compared the 
performance of the CIELUV, CIELAB, and OSA £jg color spaces (Wyszecki & 
Stiles, 1983) using three different color sets and two instructions. For color sets 
containing large color differences in the isoluminant plane, the £jg color space 
outperforms the CIELUV and CIELAB spaces. We also investigated the effects 
of selective attention and conclude that, for judgments of large color differences, 
selective attention leads to significant changes in the relative contribution of the 
brightness dimension on the one hand and the hue and saturation dimensions on 
the other hand. 
INTRODUCTION 
It has been a long existing desire in colorimetry to obtain color-order systems in 
which equal Euclidean distances correspond with equal perceptual differences. 
Currently recommended color spaces for a geometrical distance representation of 
just noticeable color differences are the 1976 L*uV or LVb" color spaces'. 
However, such models cannot be readily applied to large color differences. 
According to Wright2 "it is certainly not legitimate to integrate these differences 
and conclude that distances of some length across the chart will correspond with 
equal sense differences" (see also Judd3 and McAdam4). For medium and large 
sized color differences, two color order systems, the Optical Society Chip set and 
the Munsell Renotation System have been developed. The merits of these color 
spaces have been compared by several authors for small color difference 
judgments5,6, in avionics7, and for predicting figurai organization from color8. In 
the last two studies, among others, the need for rescaling the axes to increase the 
predictive power of these spaces has been demonstrated (see also reference 1). 
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In this study, we have collected similarity judgment data for large color 
differences, which allow for a further comparison between these uniform color 
spaces. We used color differences, which were either somewhat larger than those 
from which the £jg color space was derived; in another color set the differences 
were somewhat larger than those used to derive the L'uV space. We decided to 
compare the performance the following three color spaces, the CIELUV, 
CIELAB, and £jg color spaces. The CIELUV and CIELAB are currently 
recommended by the CIE as perceptually uniform color spaces for color 
differences at or slightly above threshold, and we were interested in their 
performance for larger color differences. We investigated the performance of the 
OSA £jg color space, because this space has been especially developed to 
represent color differences of intermediate size. 
A question directly related to the scaling problem is that of the interaction of 
stimulus dimensions910; here interaction, as used by Gamer910, denotes whether 
dimensions are processed in an integral (wholistic) or separable (analytical) way. 
For instance, the distinctness or salience of the dimensions of color stimuli may 
be enhanced by presenting two dimensions separately in two chips rather than 
together in one single chip; as a consequence the interaction becomes more 
separable9,11. It is not clear, however, whether effects of selective attention lead to 
measurable changes in the color difference metrics. We have used three color sets 
to assess the effect of dimensional salience on color metrics. Selective attention 
may also be manipulated by directing the attention of the subject to specific 
stimulus dimensions, using different instructions. In this study, we have used two 
instructions: (l)attend to overall similarity, (2)attend to color similarity, and 
compared the resulting color metrics. 
Finally, Wyszecki and Wright12 estimated the accuracy of the L'uV distance 
formula for small and medium sized color difference judgments. For large color 
differences, however, no such estimate is available. We will determine an 
estimate for large color differences. Furthermore, we will test whether Euclidean 
distance models may be applied to predict judgments of large color differences. 
In summary, this paper deals with a comparison of three color spaces using 
similarity data for large color differences. Furthermore, it addresses the effects of 
selective attention on metrics for large color differences. Finally, the accuracy of 
calculated color distances for large color differences is estimated. 
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METHOD 
Apparatus 
Stimuli were presented on a high resolution color monitor (Barco CTVM 2/51 
H) with 10 bits wide R, G, and В inputs, coupled to a PDP 11/23 computer". 
Stimulus display and data acquisition were under computer control. Luminances 
of the three R, G, and В inputs were measured with a Pritchard SPECTRA 
photometer at each of the 1024 levels. With these luminances and the 
chromaticity coordinates of the R, G, and В phosphors, the chromaticity 
coordinates of the colors on the display were calculated. 
Figure 1 shows the stimulus, that was used in all experiments to be reported. 
The stimulus consisted of three circular fields, each subtending 1.06 degrees of 
visual angle. Each field was of a different color. These fields were positioned on 
the comers of an equilateral triangle with sides subtending 1.66 degrees of visual 
angle. The background was always dark with a luminance of about 0.1 cd/m2. 
Each stimulus was presented at the center of the color monitor for 1 second. The 
viewing distance was 2.8 m. 
1.06° 
Figure 1: Stimulus configuration. In the fields labeled i, j , and k, three different 
colors are presented. Stimulus background is dark. 
64 Chapter 4 
Color choice 
Three color sets were used in order to investigate the effect of selective 
attention and dimensional salience on the color metrics. The location of the colors 
in the CIE chromaticity diagram is shown in Figures 2, 3, and 4 for the 
isoluminant color set 1 and color sets 2 and 3, respectively. The inserts in these 
figures give an impression of the location of the colors in the 1976 L'uV color 
space. Tables 1, 2, and 3 contain the CIE (x,y) chromaticity coordinates of the 
colors in the three color sets. 
color χ y L (cd/m2) 
A 
В 
С 
D 
E 
F 
G 
H 
I 
J 
0 . 2 6 8 
0 . 4 1 9 
0 . 5 2 2 
0 . 3 0 3 
0 . 4 0 3 
0 . 2 1 7 
0 . 3 0 3 
0 . 3 4 2 
0 . 2 3 6 
0 . 1 9 0 
0, 
0, 
0, 
0, 
0, 
0, 
0. 
0, 
0. 
0, 
.457 
. 3 6 3 
.300 
.288 
.248 
.217 
. 1 9 3 
.182 
.142 
. 0 9 1 
15 . 
15 . 
15 . 
15 . 
15 . 
15 . 
15 . 
15. 
15 . 
15, 
.00 
.00 
.00 
,00 
.00 
.00 
.00 
.00 
.00 
.00 
ТаЫ 1: CIE (χ,γ) chromaticity coordinates of the 
isoluminant colors in color set 1. 
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color χ y L {cd/m2) 
A 
В 
С 
D 
E 
F 
G 
H 
I 
J 
к 
L 
M 
0 . 2 6 9 
0 . 2 6 9 
0 . 3 3 7 
0 . 4 1 8 
0 . 3 9 6 
0 . 3 2 0 
0 . 3 5 4 
0 . 4 5 0 
0 . 3 6 7 
0 . 2 1 4 
0 . 2 7 0 
0 . 2 9 9 
0 . 3 2 7 
0 . 1 5 7 
0 . 2 0 1 
0 . 3 1 3 
0 . 3 8 2 
0 . 2 9 7 
0 . 1 9 2 
0 . 2 3 9 
0 . 2 8 3 
0 . 1 8 5 
0 . 2 1 0 
0 . 3 3 1 
0 . 2 5 1 
0 . 2 4 5 
1 5 . 
2 6 . 
2 6 . 
1 5 . 
7 . 
7 . 
2 6 . 
1 5 . 
1 5 , 
1 5 . 
1 5 , 
7, 
1 5 , 
0 0 
6 5 
, 6 5 
, 0 0 
, 3 6 
. 3 6 
. 6 5 
. 0 0 
. 0 0 
. 0 0 
. 0 0 
. 3 6 
. 0 0 
Table 2: CIE (x,y) chromaticity coordinates of the 
colors in color set 2. 
color χ y L (cd/m2) 
A 
В 
С 
D 
E 
F 
G 
H 
I 
J 
К 
L 
M 
0 . 3 1 3 
0 . 3 1 8 
0 . 3 3 3 
0 . 3 5 0 
0 . 3 5 1 
0 . 3 2 7 
0 . 3 3 7 
0 . 3 6 1 
0 . 3 4 1 
0 . 3 0 1 
0 . 3 1 8 
0 . 3 2 1 
0 . 3 3 1 
0 . 2 2 2 
0 . 2 5 2 
0 . 2 7 6 
0 . 2 7 7 
0 . 2 4 1 
0 . 2 0 8 
0 . 2 6 1 
0 . 2 5 7 
0 . 2 3 1 
0 . 2 3 9 
0 . 2 6 7 
0 . 2 2 7 
0 . 2 4 8 
1 5 . 
2 6 . 
2 6 . 
1 5 . 
7 , 
7 . 
2 6 . 
1 5 . 
1 5 . 
1 5 . 
1 5 , 
7, 
1 5 , 
, 0 0 
, 6 5 
, 6 5 
, 0 0 
. 3 6 
. 3 6 
. 6 5 
. 0 0 
. 0 0 
. 0 0 
. 0 0 
. 3 6 
. 0 0 
Table 3: CIE (x,y) chromaticity coordinates of the 
colors in color set 3. 
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Figure 2: Location on the CIE (x,y) diagram of the colors in color set 1. Solid 
lines are tritanopic confusion lines and lines along which the B-cone excitation 
level is assumed to be constant. The colors are located at the positions A through 
J. The three open circles indicate the chromaticities of the color monitor 
phosphors. The inset shows the location of the colors in the CIE 1976 L*uV 
color space. 
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4 6 8 1 0 
X 
Figure 3: Location on the CIE (x.y) diagram of the colors in color set 2. The 
colors are located at the positions A up to and including M. The inset gives an 
impression of the approximate location of the colors in the CIE 1976 L*uV color 
space. Note that the configuration in the inset is actually compressed along the 
vertical dimension with a factor of four. 
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Figure 4: Location on the CIE (x.y) diagram of the colors in color set 3. The 
inset shows the relative location of the colors in the CIE 1976 L'uV color space. 
Color set 1 contained 10 colors, which were isoluminant at 15 cd/m2. These 
colors are positioned on the intersections of critical lines in color space. The lines 
in the oblique horizontal direction are assumed to be tritanopic confusion lines. 
Along the lines in the oblique vertical direction, the blue cone stimulation is 
assumed to be constant14. Color sets 2 and 3 included luminance differences. 
Using a trial and error method, we chose a configuration of colors in the CIE 
(x,y,L) space that, once transformed to the CIE 1976 L*uV system, resembled a 
cubo-octahedron (see inserts of Figures 3 and 4). For the adaptation illuminant, as 
it occurs in the L'uV formula, we chose white with CIE (x,y) chromaticity 
coordinates of (0.33, 0.33) at 15 cd/m2 (the luminance level of the adaptation 
illuminant is not critical in our analysis, see reference 8). In color set 2, the 
vertical direction of the rhombohedral is shortened by a factor of four. The colors 
lie in three isoluminant planes at 7.36, 15, and 26.65 cd/m2. The color range in 
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the middle isoluminant plane is large including red, blue, and green. In color set 
3, the isoluminant planes are at the same luminance levels as in color set 2. The 
color differences are relatively small, the colors appear as pale or a rather 
desaturated purple or pink color. 
The luminances in color sets 1 and 2 were determined with flicker photometry 
for each subject individually, in order to correct for sensitivity differences 
between individuals. Thus, for color sets 1 and 2, every subject had his/her own 
set of colors. The colors were flickered against white with CIE (x,y) chromaticity 
coordinates of (0.33, 0.33) at the various luminance levels, using a 1 degree 
circular field. The flicker frequency was 12.5 Hz. For color set 3, we did not 
flicker the various colors because we found that the flicker matches for these 
desaturated colors yield luminances very close to 15 cd/m2. Therefore, we decided 
to present the colors in color set 3 with luminances, determined with the 
Pritchard photometer. Thus, for color set 3, the same set of colors were used by 
all subjects. 
General procedure 
During the stimulus presentation, the subject compared the similarity between 
the colors in i and k, and the similarity between the colors in j and к (Figure 1). 
Thus color к served as a standard. The subject responded by means of two 
switches. If color i was judged to be more similar to the standard color k, then 
the left switch was depressed, and vice versa for color j . The next stimulus 
appeared 1 second after the response was given. 
For each color set, all triadic combinations were shown. The order of 
presentation was randomized for each subject individually. Color set 1 contained 
10 colors, resulting in 720 triadic combinations. Color sets 2 and 3 each 
contained 13 colors, resulting in 1716 triadic combinations. Each session lasted 1 
hour. About 850 combinations were measured in 1 hour, while the number of 
sessions was restricted to two per day. About 150 stimuli were shown 
consecutively followed by a rest period. Subjects were encouraged to pause 
whenever they felt they needed a rest. 
The subjects were trained to ensure that the task was interpreted correctly, 
meanwhile getting accustomed to the experimental procedure. Usually about 25 to 
50 stimuli were enough for this purpose. 
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Instructions 
Two different instructions were used for the color sets 2 and 3; for the 
isoluminant color set 1 only the first instruction was used. The combination of 
instructions and color sets yields a total of five conditions. 
1) 'Overall' instruction 
Subjects were instructed to judge the overall similarity of (i,k) and (j,k). If a 
subject commented on the presence of both 'color and brightness' differences, 
they were instructed once more to judge overall similarity, and not to attend 
exclusively to color or brightness differences. Subjects were discouraged from 
using color names as a tacit memory cue, in order to avoid categorization effects. 
2) 'Color' instruction 
It was pointed out to the subject that the stimuli differed in color as well as 
in brightness. They were instructed to judge their similarity while attending to 
color (as opposed to brightness). Subjects were discouraged from using color 
names as a tacit memory cue. 
Procedure of the analysis 
In all experiments, each subject compared three colors i,j,k (see Figure 1) and 
judged whether i or j was more similar to k. The responses for each subject were 
compared with distances, calculated with the CIELUV, CIELAB' or £jg (OSA)15 
color distance models. Let d(i,k) denote the calculated distance between colors i 
and k. If color i is judged to be more similar to к than color j , but the model 
yielded d(i,k) larger than d(j,k), then one violation was counted. Through 
accumulation of the number of violations, the performance of the model was 
assessed. A percentage error score, that is the number of violations divided by 
the total number of presentations, was calculated for each subject. 
The distance models have three axes. Distances are calculated with the 
following Euclidean distance formula: 
d(P,Q) = Viw.AX)2 + (WyAY)2 + (w.AZ)2, 
where ΔΧ, ΔΥ, and ΔΖ denote differences along the X, Y, and Ζ axes and w„ 
wy, and Wj are weighting factors. We performed a two-dimensional error search 
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to find the weighting factors corresponding with the smallest number of 
violations. The weighting factor wL of the first axis (for these models, the first 
axis corresponds to the brightness dimension) was varied from 0.1 through 5 with 
a step size of 0.1, yielding 50 steps. Simultaneously, for the L*uV, LVb\ or £jg 
space respectively, the weighting factor of the v*, b', or j axis16 was varied from 
0.2 through 2 with a step size of 0.2, yielding 10 steps. This yields a total of 
three 50 by 10 matrices containing error scores, one for each color space. The v* 
axis corresponds approximately with tritanopic color differences17 and the j axis 
corresponds with yellow-blue differences15. For each subject, the particular 
combination of weighting factors in the 50 by 10 matrix was determined, that 
showed the smallest number of violations. The results were averaged across 
subjects within a condition as follows. Per condition, the individual 50 by 10 
matrices were averaged across subjects, resulting in a new 50 by 10 matrix, 
containing the averaged error scores. Finally, the best fitting weighting factors for 
this new 50 by 10 matrix were determined. 
Multidimensional scaling 
In order to compare the performance of the color distance models with a 
solution, obtained with multidimensional scaling (MDS), we ran a MDS analysis 
(ALSCAL18 in the replicated measurement mode of McGee19) for a few 
conditions. The row conditional dissimilarity matrix, used as input for ALSCAL, 
was obtained from the data as described in reference 8. Solutions were obtained 
with and without a start configuration. As a start configuration, we used the 
position of the colors in L*uV color space. The solutions with a start 
configuration generally showed the best fit and are discussed. The distance 
relations from the MDS solutions were compared with the responses of the 
subjects and the number of violations was calculated, as described in the previous 
section. The performances of the MDS solution and the color distance models can 
be compared through inspection of the number of violations. 
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Subjects 
A total of 31 paid subjects participated in these experiments. Out of these, 18 
were females. The subjects ranged in age from 18 to 32 years. For most 
conditions, a different set of subjects was used. Six subjects were tested for color 
vision defects with a battery of color tests including the Famsworth Munsell 100 
hue test. These six subjects judged the similarities in color set 1. Four of these 
participated in the 'overall' similarity instruction with color set 2. The remaining 
25 subjects were color normal as determined with the Ishihara color test. 
Twenty-five subjects were naive with respect to the purpose of the 
experiments. The remaining six non naive subjects were students in psychology, 
attending a course on color scaling. 
EXPERIMENTAL RESULTS 
We will present the results in two sections. The first section presents the 
experimental results on the comparison among color spaces. In Part la, we use 
weighting factors equal to 1 in order to compare the performance of these spaces 
when the recommended weighting factors are used. In Part lb, the best fitting 
weighting factors, obtained with the two-dimensional error search, together with 
the multidimensional scaling results, are presented, followed by a discussion 
concerning the shift of the weighting factors as a function of the different 
conditions. In Part 2, we will estimate the accuracy of the color distance formula 
for large color differences. 
In color set 2 with the 'overall' instruction, the data of one subject were 
discarded because we noticed a peculiar response pattern during the sessions. 
When asked, after her data were collected, she expressed that she based her 
judgments exclusively on brightness differences, in contrast to the other subjects 
in this condition. Nevertheless, her data are not in conflict with the conclusions 
presented below. 
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PART 1A: RESULTS FOR WEIGHTING FACTORS EQUAL TO 1 
In Table 4, we present the averaged error scores of the three color spaces with 
the weighting factors equal to 1, for all five experimental conditions. The subjects 
usually agree within a condition on the relative performance of the three color 
spaces, as measured by the averaged error scores. This is expressed by 
Friedman's two-way (subjects by color spaces) analysis of variance of ranks for 
correlated samples. For the five conditions, shown in Table 4 in the third column 
from top to bottom, Friedman's test yields χ2 values (df = 2) of 9.2, 10.9, 1.0, 
6.58, and 10.3, significant at the 1 %, 1 %, n.s., 5 %, and 1 % level, 
respectively. A x2-test for independence revealed significant differences between 
the error scores of the subjects (at the 0.1 % significance level) in all five 
conditions. Due to these large individual differences, the differences in averaged 
error scores between the color spaces within a condition were not significant. 
Summarizing, a comparison of the performance of the three color spaces with 
the weighting factors equal to 1, shows that, although the differences in the error 
scores are quite small and not significant, the relative performance of the three 
spaces is quite consistent across subjects within a condition. Specifically, the £jg 
color space, compared with the L'uV and L*a*b* color spaces, has the best 
performance for color sets 1 and 2, whereas its performance is relatively poor for 
color set 3. This is in accordance with the fact that the £jg space is designed for 
large color differences, as present in color sets 1 and 2, whereas the L'uV and 
L*aV spaces are more suitable for the smaller color differences, as present in 
color set 3. 
The error scores are comparatively small for the isoluminant color set 1. This 
might well be due to the fact that the color spaces are based on isoluminant data, 
that is, the color spaces are simply better for isoluminant colors. A second reason 
might be that it is easier to judge similarities with stimuli differing on two, rather 
than three dimensions10. The error scores of color set 3 are larger than those of 
color set 2. This is due to the fact that the configuration of the colors in set 3 is 
a regular cubo octahedron, whereas in color set 2, the configuration is 
compressed along the vertical axis (see inserts Figures 3 and 4). Therefore, in 
color set 3, there are more trials with d(i,k) about equal to d(j,k), which will lead 
to more violations assuming that the judgment is affected by noise (see Part 2). 
The differences between the subjects are discussed in more detail in the next 
section. 
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weighting factors 
w^l vL variable 
color 
'ovr' 
color 
'ovr' 
color 
'ovr' 
color 
'col' 
color 
'col' 
Table 
set 
set 
set 
set 
set 
4: . 
1 
2 
3 
2 
3 
tgj 
Luv 
Lab 
MDS 
£gj 
Luv 
Lab 
MDS 
£gj 
Luv 
Lab 
MDS 
Lgj 
Luv 
Lab 
tgj 
Luv 
Lab 
Averaged 
21.28 
23.72 
24.86 
27.97 
30.52 
28.89 
32.83 
31.22 
30.56 
25.98 
27.02 
26.27 
34.56 
27.06 
30.36 
[ error 
19.06 
20.49 
22.99 
17.81 
27.87 
28.37 
28.18 
26.29 
30.32 
30.38 
29.33 
24.77 
24.66 
27.02 
25.46 
27.14 
26.90 
26.75 
scores f 
or with weighting factors, and the MDS solution. 
In this table, the performances of the 3 color spaces and 
the MDS solution are compared. The error scores are averaged 
across subjects per condition. 'ovr' and 'col' are 
abbreviations for the instructions 'attend to overall' or 
'attend to color' similarities. Color set 1, 2, and 3 denote 
the three different color sets. The third column contains the 
averaged error scores, when the weighting factors are set 
equal to 1. The fourth column contains the averaged error 
scores when the best fitting weighting factors are used. 
Large colour differences and selective attention 75 
PART IB: RESULTS FOR VARIABLE WEIGHTING FACTORS 
In Table 4, we also present the averaged error scores of the three color spaces 
with the best fitting weighting factors, for all five experimental conditions. For 
three conditions, we present the error scores of the multidimensional scaling 
solution as a comparison. 
Table 4 shows that the error scores consistently decrease as the weighting 
factors in the color distance formula are allowed to vary. Again, this decrease is 
not significant, due to the large differences in error scores between subjects. For 
some subjects, however, with weighting factors deviating strongly from 1, a much 
larger decrease (up to one third) of the error scores could be found, illustrating 
the need for the introduction of the weighting factors in the color distance 
formula. 
Again, the subjects agreed on the relative performance of the three color 
spaces. For the 5 conditions shown in Table 4 in the fourth column from top to 
bottom, Friedman's test yields χ2 values (df = 2) of 7.31, 6.16, 9., 9.3, and 2.1, 
significant at the 5 %, 5 %, 1 %, 1 %, and n.s. level, respectively. 
In Table 5, we have presented for the £jg model the best weighting factors 
and their associated error score for individual subjects. In addition, the best fitting 
weighting factors and their associated error score, obtained from the averaged 
error score matrix per condition, are given. 
The weighting factors vary for different conditions. We have tested whether 
these shifts are significant. We want to emphasize that these shifts occur for the 
L*uV and L*a*b* model as well. The statistics of these tests are summarized 
below, followed by a discussion. One-tailed tests were used whenever shifts were 
expected to occur (see subsequent discussion). 
1) For color set 2, the weighting factor wL is larger for the 'overall' than for 
the 'color' instruction. The statistical significance of this difference is tested as 
follows. The weighting factors for wL are ranked in ascending order. For each 
subject, the rank of the best fitting weighting factor is determined for the 
'overall' and 'color' instruction, respectively. A non-parametric Wilcoxon's rank 
test for uncorrelated samples, corrected for ties, was used to test whether the 
distribution of these ranks differed. For color set 2, this difference is significant 
(one-tailed: z(6,9) = 2.71, ρ < .005) For color set 3, this difference is not 
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weighting factor weighting factor 
c o l o r s e t 
' o v r ' 
a v e r a g e : 
c o l o r s e t 
' o v r ' 
a v e r a g e : 
Wr 
1 0 . 5 0 
4 . 9 0 
0 . 1 0 
0 . 1 0 
4 . 6 0 
2 . 4 0 
0 . 1 0 
4 . 8 0 
0 . 5 0 
2 0 . 6 0 
1 .50 
1 .30 
0 . 6 0 
1 .00 
0 . 7 0 
0 . 6 0 
0 . 6 0 
1.00 
0 . 8 0 
__*i-_ 
0 . 6 0 
0 . 4 0 
0 . 8 0 
0 . 6 0 
0 . 6 0 
0 . 6 0 
0 . 8 0 
0 . 2 0 
0 . 6 0 
0 . 6 0 
1 .00 
1 .00 
0 . 6 0 
1 .00 
1.00 
0 . 8 0 
1 .00 
1.00 
0 . 8 0 
error score 
1 8 . 4 7 
2 6 . 8 1 * 
1 9 . 5 8 
1 4 . 3 1 
1 5 . 6 9 ' 
1 5 . 6 9 
1 5 . 8 3 
1 8 . 0 6 * 
1 9 . 0 6 
2 9 . 6 0 
3 2 . 4 6 
2 3 . 1 9 
3 1 . 6 4 
2 5 . 7 6 
2 1 . 7 4 
2 5 . 6 4 
2 0 . 8 6 
3 1 . 2 9 
2 7 . 8 7 
c o l o r s e t 
' c o l ' 
a v e r a g e : 
Wr 
2 0 . 6 0 
0 . 1 0 
0 . 1 0 
0 . 6 0 
0 . 1 0 
0 . 1 0 
0 . 2 0 
_!Ί__. 
1.00 
1.00 
0 . 8 0 
1.00 
0 . 8 0 
1.00 
0 . 8 0 
error 
1 8 . 
3 1 . 
2 3 . 
19 . 
2 2 . 
30 . 
2 4 . 
score 
.18 
.99 
.48 
.99 
.32 
.13 
.66 
color set 3 0.30 1.00 28.38 color set 3 0.30 1.20 
' ovr' 0.70 1.00 35.61 
0.50 1.20 31.59 
average 
0.60 
0.70 
0.70 
0.35 
0.60 
00 
,00 
,00 
,80 
,00 
2 4 . 9 4 
2 8 . 7 3 
2 8 . 7 3 
2 7 . 2 1 
3 0 . 3 2 
col' 0.55 0.80 
0.35 1.20 
average 
0.30 
0.50 
0.50 
0.50 
0.50 
1.20 
1.20 
1.20 
1.20 
1.20 
27.56 
28.21 
25.23 
28.32 
23.89 
23.89 
23.08 
27.14 
Table 5: Variation of the weighting factors and error scores 
for individual subjects. 
This table gives the best fitting weighting factors for the 
L- and j-axis of the £jg color space and the corresponding 
error scores for each subject, together with the error scores, 
averaged across subjects per condition, 'ovr' and 'col' are 
abbreviations for the instructions 'attend to overall' or 
'attend to color' similarities. (* see text) 
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significant (one-tailed: z(6,6) = .82, n.s.). For color set 1, this comparison could 
not be made because only one instruction was used. 
2) For the instruction 'overall', the best fitting wL is larger for color set 2 than 
for color set 3. With Wilcoxon's rank test, we find for this difference: 
z(6,9) = 1.81, (one-tailed: ρ < .05). 
3) The weight of the j axis (the yellow-blue dimension) increases from 0.6 to 
0.8 to 1.0 going from color set 1 to 2 to 3. For color set 1, compared to the 4 
remaining conditions shown in Table 5, the significance levels (two-tailed test) 
were at the 1 %, .1 %, 5 %, and .1 % level, respectively. For color set 2, 
compared to color set 3, we found for the instruction 'overall' z(6,9) = 1.66, 
(two-tailed: n.s.); for the instructions 'color' we found z(6,6) = 2.68, (two-tailed: 
ρ < .01). This effect also holds for those four subjects, who participated both in 
color sets 1 and 2 with the instruction 'overall'. 
Discussion 
Table 4 shows that the MDS-solutions show the lowest error scores per 
condition, which is to be expected because the MDS-algorithm finds the 
best-fitting solutions to these particular data sets, whereas the three color spaces 
are intended to cover a much broader set of data. For practical purposes, it is 
reassuring that for color sets 1 and 2, the £jg model appears to perform about as 
good as one may expect from an Euclidean distance model, as expressed by the 
fact that the error scores of the £jg color space are close to those of the MDS 
solutions. 
The shifts in weighting factors, shown in Table 5, can be explained as an 
effect of selective attention. 
ad 1) The increase of the weighting factor of the L axis, wL, for the 'overall' 
compared to the 'color' instruction, accords well with the view that attention can 
be directed at will to either the brightness or color dimension910. More attention 
is paid to the brightness dimension under the instruction 'attend to overall 
differences' as compared to the instruction 'attend to color differences' resulting 
in a larger weighting factor w, for the first instruction. For color set 2, 
containing large color differences and therefore more distinct dimensions, a more 
'separable' interaction of the brightness and color dimensions is expected11 Indeed, 
for color set 2, the shift in the weighting factors wL for the instructions 'overall' 
and 'color' is significant. For color set 3, the shift in the weighting factors for wL 
for the instructions 'overall' and 'color' is not significant. Color set 3 contains 
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only small color differences, therefore a more 'integral' interaction of the 
brightness and color dimensions may be expected due to the low distinctness of 
the dimensions11. 
ad 2) The larger values of wL in color set 2 compared to color set 3, are also 
in accordance with the results of classification experiments with integral 
dimensions'. In such experiments, subjects use the most discriminable dimension 
for classification purposes. A similar effect is expected to occur in our data. We 
have presented alternately all colors of color set 2 and color set 3 on our color 
monitor. Seventeen out of nineteen observers judged the brightness differences in 
color set 2 to be larger than those in color set 3 (saturated colors appear to be 
relatively bright, the Helmholtz-Kohlrausch effect20). Apparently, the brightness 
dimension is perceived as more salient in color set 2. According to Gamer10 the 
salience of the brightness dimension in color set 2 leads to an attentional shift in 
favor of the brightness dimension, resulting in an increase of the weighting factor 
in the distance formula for color set 2. 
ad 3) The increase of the weighting factor for the j axis (the yellow-blue 
dimension) from color set 1 to color set 2, and from color set 2 to 3, is 
puzzling. Apparently, a reduction of the color differences leads to a significant 
increase of the contribution of the yellow-blue dimension relative to the red-green 
dimension. The reason for this interesting phenomenon is not clear. 
Finally, in Table 5, three subjects* show a large value of w£21. For these three 
subjects, the error score matrices showed more than one minimum, which is very 
unusual, and probably due to noise. 
PART 2: ACCURACY AND VALIDITY OF DISTANCE MODELS 
In this section, we show how we extended the estimate of Wyszecki and Wright12 
for the accuracy of the color distance formula to large color differences. The 
estimate was obtained, as explained below, by finding the best fit between the 
number of violations, predicted with the £jg color space, and the observed 
number of violations. We want to emphasize that for the L*uV color space, the 
estimated accuracy is similar to that found for the £jg color space. We proceeded 
as follows. 
Given a combination of weighting factors for the dimensions in the three-
dimensional color space, one can calculate for each triadic combination the ratio 
d(i,k)/d(j,k), using the best fitting weighting factors for each subjects. If this ratio 
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was larger than 1, then the inverse of this ratio was calculated, that is the 
distance ratio range is always between 0 and 1. We divided this range into 30 
intervals of equal size, that is, interval 1 corresponds with a ratio between 1 and 
29/30, interval 30 corresponds with a ratio between 1/30 and 0. In Figure 5 the 
intervals are on the horizontal axis and the distance ratio decreases from one to 
zero from left to right. Next, using the similarity data, we recorded both the 
number of triadic combinations and the number of violations in each ratio 
interval. From these two numbers, an error score was calculated for each interval. 
The result for a typical subject is given in Figure 5 (closed bars). 
50 
^ 4 0 
ω 
о 
о 
w
 30 
k _ 
о 
ω 2 0 
10 
color set 2 
instruction 'overall' 
• • observed 
I | expected 
1 
1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 13-30 
ratio interval 
Figure 5: Observed and expected error scores for a typical subject as a function 
of the distance ratio d(i,k)/d(j,k) in the £jg color space. Colors were taken from 
color set 2. The instruction was 'attend to overall similarities'. The closed bars 
show the observed error scores in a distance ratio interval. The open bars show 
the expected error scores. Along the horizontal axis the numbered intervals 
correspond with decreasing distance ratio's from one to zero. The ratio intervals 
13 through 30 were taken together because the expected number of violations 
was usually smaller than 10 in one of these intervals. 
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Wyszecki and Wright12, plotting the observed color differences against the 
calculated color distances, found that approximately 90 % of the observed color 
differences are predicted correctly to within 25 % of the color distance calculated 
with the CIE 1964 color distance formula. As a first approximation, we assume 
that the same accuracy holds for the £jg color space. Using their estimate, we 
calculated the expected number of violations in a given ratio interval as follows 
(see Figure 6). A Gaussian distribution was constructed at color distance d(i,k) 
with a standard deviation sd equal to 0.25 χ d(i,k)/1.65. The factor 1.65 is 
introduced because 90 % of the observations fall within χ < 1.65 χ sd, the 
factor .25 corresponds with the 25 % of the color distance, within which 90 % of 
the color differences fall. A similar Gaussian was constructed at d(j,k). 
Figure 6: Schematic drawing (not to scale) of the analysis. The probability that a 
violation occurs is given by the probability that the difference distribution of 
d(i,k) and d(j,k) is less than zero. 
The probability that a violation occurs for one triadic comparison, that is the 
probability that the subject will choose i as more similar to k, whereas according 
to the model d(i,k) is larger than d(j,k), is given by the probability that the 
sampling distribution of the differences between d(i,k) and d(j,k) is less than zero, 
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where we assume that the distributions for d(i,k) and d(j,k) are independent. The 
total probability that a violation occurs in a ratio interval is equal to the average 
of these probabilities for all triadic combinations in that interval. With a x2-test, 
we calculated the goodness of fit of the expected number of violations with the 
observed number of violations. The ratio intervals 13 through 30 were taken 
together because the expected number of violations was usually smaller than 10 
in one of these intervals. 
The results, using this model with a fixed standard deviation, were not 
satisfactory. The calculated number of violations is too small, particularly for the 
intervals with small distance ratio's, resulting in χ2 values typically much larger 
than 100. A much better prediction of the number of violations with the £jg color 
distance formula is obtained if the standard deviation sd is set equal to 0.25 x 
(1+c) x d(i,k)/1.65, where с is positive. This means that the standard deviation is 
larger than estimated by Wyszecki and Wright'2. We searched for the minimum 
of χ2 as a function of c, using a modified bisection method. In Figure 5, the 
open bars present the expected number of violations for the best value of с In 
Table 6, the χ2 goodness of fit measure and the corresponding value of с is 
given for each subject. 
Table 6 shows that for large color differences, the distance model has to be 
rejected at the 5 % or 1 % level for five out of 35 cases. For four of these cases 
an acceptable fit (c = 2.81, χ2 = 12.57; с = 1.281, χ2 = 11.57; с = 2.717, χ2 = 
11.281; с = 2.48, χ2 = 12.78 for the cases 1, 2, 3, and 5, respectively) is found 
with the weighting factors equal to 1. Actually, for most subjects, an acceptable 
fit is found if the weighting factors are set equal to 1, but in general this results 
in larger values for the parameter с or in larger χ2 values. For the other subjects, 
the fit of the distance model with the observed number of violations is 
satisfactory. Apparently, the £jg distance model with only three parameters (two 
parameters, W£ and Wj, deal with the relative contribution of the brightness and 
yellow-blue axes and the third parameter, c, deals with the standard deviation of 
the calculated color difference) accounts for the observed pattern of violations 
quite well. 
Taking the c-values of all subjects together, the accuracy of the calculated 
color distances is lower than the accuracy reported by Wyszecki and Wright12. 
Considering that our estimate is based on individual subjects and using the 
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c o l o r 
' o v r ' 
c o l o r 
' o v r ' 
c o l o r 
' o v r ' 
s e t 
s e t 
s e t 
1 
2 
3 
С 
1 . 0 9 5 
2 . 3 8 3 
0 . 9 9 5 
0 . 5 2 0 
0 . 7 9 0 
0 . 6 1 9 
0 . 5 8 8 
1 . 1 9 5 
1 . 0 8 1 
2 . 7 1 5 
2 . 3 8 5 
1 . 6 1 9 
1 . 1 1 9 
2 . 3 8 1 
3 . 2 0 0 
1 . 4 8 1 
1 . 0 8 8 
3 . 0 8 2 
1 . 0 0 8 
1 . 6 9 0 
1 . 9 9 0 
1 . 5 1 8 
1 . 6 9 5 
χ
2 
7 . 6 4 4 
1 5 . 2 3 5 
7 . 3 1 3 
1 1 . 2 6 9 
1 1 . 7 9 9 
7 . 8 4 4 
2 . 8 1 2 
3 . 7 4 1 
1 3 . 2 1 6 
1 8 . 5 7 4 
2 5 . 7 3 9 * 
1 2 . 1 8 0 
c o l o r s e t 
' c o l ' 
4 6 . 5 2 9 * * 
6 . 1 9 2 
2 5 . 3 2 7 * 
8 . 1 1 6 
1 2 . 5 7 6 
7 . 4 0 7 
1 0 . 3 9 5 
2 1 . 5 5 2 * 
1 7 . 7 9 4 
1 8 . 1 5 7 
7 . 7 9 8 
c o l o r s e t 
' c o l ' 
С 
2 0 . 7 8 0 
3 . 6 1 7 
1 . 8 1 9 
0 . 8 9 0 
1 . 5 0 3 
2 . 8 9 5 
3 0 . 8 8 0 
1 . 6 0 0 
1 . 6 1 9 
0 . 9 1 9 
1 . 7 1 0 
1 . 1 8 0 
t 
7 . 3 0 2 
1 0 . 0 0 9 
1 6 . 2 0 7 
8 . 9 9 3 
9 . 2 5 1 
1 5 . 6 8 7 
2 7 . 3 8 7 * * 
1 2 . 2 4 2 
7 . 9 2 1 
1 0 . 1 2 1 
1 9 . 5 4 8 
1 0 . 2 0 3 
Table 6: Estimation of the accuracy of the color distances, 
calculated with the £jg distance formula. 
For each subject, the best fitting values of the parameter 
c, monitoring the standard deviation of the calculated color 
distance, together with the corresponding chi-square scores 
(df =12, except for color set 1 where df = 8) are given. 
(* ρ < .05, ρ < .01). 'ovr' and 'col' are abbreviations for 
the instructions 'attend to overall' or 'attend to color' 
similarities. Color distances were calculated with the £jg 
color space with weights, adjusted for each subject. 
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standard deviations for individual subjects listed in Table VIII of their paper, our 
subjects show a standard deviation that is about twice as large as the standard 
deviation for their individual subjects. The agreement is acceptable, considering 
the differences in viewing time, luminance level, scaling methods, and the fact 
that in our color sets the color and especially the luminance differences were 
much larger. In summary, our measurements show that for individual subjects, 
about 50 % of the observed color differences are predicted correctly within 25 % 
of the difference calculated with the color distance formula. 
The accuracy of the color distance formula for large color differences is, by 
all means, quite low, especially for the color sets 2 and 3, which contain 
luminance differences. Two possible reasons for this are given in Part 1A. 
Another reason might be that subjects have not been able to maintain a single 
strategy during the measurements. Some subjects commented that sometimes they 
paid more attention to brightness differences, sometimes to color differences. This 
problem is inherent in the perception of large color differences. 
A fourth reason for the low accuracy might be found in a categorization 
effect. In general, categorization involves a discrete recoding of the stimuli. For 
colors, this recoding could be in terms of color names, despite our instruction to 
avoid the use of color names. Different colors, recoded with the same color 
name, would then be perceived as less different than expected from their 
Euclidean color distance. Presumably, this would show up in the MDS solution 
as a clustering of these colors. This being the case, the Euclidean distance model 
would be inaccurate, and this would lead to large values of the parameter c, that 
deals with the standard deviation of the calculated color distance. For one subject 
in color set 1, we found a relatively large value of с equal to 2.38. This subject 
indicated that she did not consider the desaturated yellow and white stimuli to be 
colors, compared to the other more saturated colors. This was reflected in her 
MDS solution, in which yellow and white were located excentric with respect to 
a cluster, containing the other colors. For two other subjects, in color set 3 and 2 
with the instructions 'overall' and 'color', respectively, relatively large values of с 
equal to 3.02 and 3.52 were found. The MDS solutions of these two subjects also 
showed clustering of some colors. Therefore, there is some indication that a large 
value of c, and therefore a low accuracy of the color distance estimate, is due to 
a categorical response strategy. 
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GENERAL DISCUSSION 
We have collected similarity data for large color differences with the method of 
triads for three different color sets. Color set 1 contained isoluminant colors and 
color sets 2 and 3 contained brightness differences as well as color differences. 
Two different instructions were employed; 1) attend to overall similarity 2) attend 
to similarity with respect to color. The performances of three color spaces, the 
CIELUV, CIELAB, and OSA £jg color spaces, with the weighting factors in the 
distance formula equal to 1, were compared. For the color sets 1 and 2, 
containing large color differences in the isoluminant plane, the £jg color space 
consistently outperformed the other color spaces. Its performance is very close to 
the performance of the MDS solutions, indicating that for these color sets the £jg 
space is very satisfactory. For color set 3, containing relatively small color 
differences, the LVv* and LVb* color spaces performed better than the £jg color 
space. This in accordance with the fact that the £jg space is derived from 
medium sized and large color differences, as present in color sets 1 and 2, 
whereas the L*uV and L'aV spaces were derived from smaller color differences, 
as present in color set 3. When the weighting factors in the distance formula 
were allowed to vary for individual subjects, there was a consistent, but small, 
overall improvement of the performance of all color spaces. For individual 
subjects, with weighting factors deviating strongly from 1, a decrease of the 
errors of the color model (up to one third) could be found. We also found an 
interesting effect across the three color sets, namely that as the color differences 
decrease, the contribution to the color difference judgment of the tritanopic 
differences became larger relative to the contribution of the red-green differences. 
For judgments of large color differences, in contrast to small color differences, 
subjects are in general able to shift their attention to either the brightness or the 
color dimension'. When the instruction is changed from 'attend to color' to 
'attend to overall' similarity, this attentional shift is reflected by a change of the 
weighting factors, indicating a change in the relative contribution of the color 
dimensions to the perceived color difference. For color set 2, containing large 
color and brightness differences, this shift is significant. Therefore in this color 
set, the brightness and color dimensions appear to be more separable. For color 
set 3, containing relatively small color and brightness differences, this shift was 
not significant, indicating a more integral interaction of these dimensions. Our 
conclusion is that the integrality-separability concept does not depend exclusively 
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on which dimensions are involved but also on the saliency of differences within 
these dimensions. 
This conclusion is supported by evidence elsewhere in the literature. Using 
dissimilarity ratings, one finds in general an integral processing of the color 
dimensions hue, value, and chroma22·23,24·25. Hyman and Well", however, found an 
exception to the generally reported integral processing. They reported "that it 
seems possible to shift from the Euclidean to Cityblock distance model by 
enhancing the distinctness of the dimensions of the color stimuli". Their 
conclusion was that "we are dealing with a continuum of combining rules" for 
the color and brightness dimensions. Now, because an Euclidean distance metric 
corresponds with integral dimensions whereas a Cityblock distance metric 
corresponds with separable dimensions9,23, the results of Hyman and Well indicate 
that enhancing the distinctness of the dimensions leads to a more separable 
combination of the dimensions. This result is roughly in line with our 
conclusion26. Results of Tversky and Gati22 are also in keeping with our 
conclusion. Using dissimilarity ratings, they showed that increasing the 
discriminability within separable dimensions increases the separability of the 
dimensions. Bums and Shepp24 showed that subjects can, although with difficulty, 
extract dimensional information from colors if appropriate instructions, similar to 
ours, are used. In our view, their data show that the extraction of dimensional 
values was easier when the differences on the dimensions were relatively large 
(their Type IV triads in Experiment 3), which agrees with our conclusion. 
Summarizing, the integral-separability differentiation should not be handled too 
strictly. Ward et al.23 have shown that the same dimensions can be treated as 
integral or separable, depending on response tempo (high or low, respectively), 
developmental differences (children or adults, respectively) and performance on an 
embedded figure test (low or high, respectively). Ward et al.25 therefore advocate 
an integral-to-separable processing continuum, which agrees with the position of 
Hyman and Well". In general, most studies show that the color dimensions are 
located at the integral side of this continuum. It is possible, however, to extract 
to some extent dimensional information if proper instructions are used, as is 
shown in this study and in reference 22. Indeed, the Munsell color system could 
not have been generated without the ability to extract dimensional information23. 
Enhancing the distinctness of the dimensions11 and increasing the discriminability 
within the dimensions22 leads to a more separable information extraction. This is 
in agreement with our conclusion that the integrality-separability concept does not 
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depend exclusively on the kinds of dimensions but also on the differences within 
dimensions. 
Besides an effect of instruction, a theory of selective attention10 would also 
predict a shift of attention when the saliency of a dimension in a color set is 
varied. This was confirmed by our experiments because we found an increase of 
the weighting factor for the brightness axis in the color set containing the larger 
subjective brightness differences. The effect is, however, so small that it is of no 
consequence for the practical use of color distance formulas. 
One could ask why other authors, who used indirect measures for the 
measurement of large color differences, have not reported effects of selective 
attention. Such indirect measures are for instance the response speed to colored 
numerals on colored backgrounds7, reaction time to discriminate two colors27, or 
the ability of colors to form a spontaneous Gestalt8. This may be explained by 
the fact that in such tasks strongly automated processes are involved, for which 
selective attention has been shown to be difficult28. On the other hand, Balinkin29, 
who used direct instead of indirect judgments to measure color differences, stated 
that "some of the observers had a tendency to give more consideration to 
lightness, whereas others relied almost entirely on hue". This is in complete 
agreement with our results. 
One should not make the mistake to use color spaces for the modelling of 
color differences in specific tasks7,8·27 without considering the need for rescaling of 
the axes. For instance, in earlier work8 we have measured large color differences 
by asking the subjects to point out the dominant Gestalt as a function of color 
differences (shape from color), using a stimulus containing adjacent color 
surfaces. Using the present analysis, the best fitting weighting factors for the L* 
and v* axes of the L*uV space for this Gestalt task are 3.7 and 0.4, respectively. 
With the present stimulus in comparable conditions, weights of 1.9 and 0.8 are 
found for the L* and v* axes. These differences are significant and may be 
explained quite well by the gap effect30; that is brightness differences are easier 
and tritanopic differences are more difficult to detect if the fields to be compared 
are adjacent. The weighting factors found for reading colored numerals on 
colored backgrounds7 are even more extreme. Therefore, the establishment of 
appropriate weighting factors for different applications is important. 
Finally, one may wonder whether similarities between colors, that are very 
different, will be perceived on the basis of a categorical perception or whether a 
distance model is still valid. To investigate this question, we have tested whether 
the pattern of violations of the color distance model can be predicted assuming a 
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limited precision of the color distance formula. Indeed, we are able to account for 
this pattern quite well although the accuracy of the color distance formula, 
inferred from our data, is quite low. We conclude that a straightforward distance 
model accounts for our data quite well. For three out of 31 subjects, however, 
the accuracy of the similarity judgments was very low. For these three subjects, 
we have found some indications, namely clustering of some colors in their MDS 
solution, that the low accuracy is caused by a more categorical response strategy. 
It may be that more evidence for a categorical response strategy would have been 
found if the subjects would not have been instructed to avoid the use color 
names. We estimate that for individual subjects about 50 % of the observed color 
differences are predicted correctly to within 25 % of the calculated color distance. 
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CHAPTER 5 
EPILOGUE 
Pseudocolor scales and multiparameter integration 
Before we give a summary of the results obtained so far, we would like to 
discuss a possible application of the color distance model for the Gestalt 
formation task, derived in Chapter 3. This application is concerned with the use 
of color in pseudocoloring and with the integration of images obtained with 
various techniques. There is not much systematic research in this field. Pizer 
(1983) gave an excellent review of the application of pseudo-coloring to 
ultra-sound images. 
The use of colors in monochrome images is twofold. First, colors may be 
added to a monochrome image to emphasize quantitative information in the 
image. This technique has many important applications e.g. in highlighting 
quantitative information from satellite images. In this epilogue, however, we are 
interested in the second aspect, the qualitative use of color in pseudocoloring, 
i.e., color may be added to visualise patterns in the image. The idea is that 
properly chosen colored images contain more discriminable steps and therefore 
pattern detection will be facilitated. Since one cannot be sure in advance whether 
or not a target pattern is present, it is of paramount importance that the added 
color information does not lead to visual artifacts, introduced by unjudicious color 
introduction (de Weert, 1988). More specifically, a condition sine qua non is that 
the figurai organization (Gestalt) of the monochrome image is not disturbed 
through the introduction of colors. 
The Gestalt properties of color in realistic images have, to our knowledge, not 
been studied psychophysically in great detail. A general finding is that for human 
observers similar and spatially coherent colors specify the existence of objects in 
the real world. One argument for this finding is that color is used in camouflage 
(Bruce & Green, 1985; Luckiesh, 1922) to break up the shape of the object in 
small patches, thereby concealing the outline of the object. Another argument is 
that constraints on color variation used by the computational vision community in 
'shape from shading' algorithms (Barrow & Tenenbaum, 1986) assume that color 
varies smoothly within object surfaces. Now, in Chapter 3, we have measured 
how the Gestalt formation (figurai organization, visual pattern formation) depends 
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on color differences. We found that a rescaled version of the L*uV color space 
(the 5Luv/2 scale) accounts best for the experimental results. Here we put 
forward the hypothesis that this color scale will also be useful to predict Gestalt 
formation in more complex images. 
The application of the color scale to qualitative pseudo coloring would thus, in 
theory, boil down to a mapping of the unidimensional image parameter (e.g., 
ultra-sound echo strength, röntgen intensity) to straight lines in the 5Luv/2 color 
scale, under the restriction that the relative distances between points on the image 
parameter scale are linear with the relative distances on the pseudo color scale. 
The reason for restricting the mapping to straight lines lies in the fact that the 
relative (Euclidean) distances between points on a curved line differ from the 
relative distances of corresponding points on a straight line. For instance, the 
(Euclidean) distance between the endpoints of a curved line is relatively too small 
with respect to the distance of an endpoint to the midpoint of the curved line as 
compared to the corresponding distances on straight lines. If the relative distances 
between the parameter scale and color scale are not preserved, one may perceive 
some image parts as belonging together whereas their corresponding parameter 
values are relatively far apart. This will, in principle, lead to a distorted and 
undesirable Gestalt formation in the colored picture. 
A monochrome image can be obtained by a mapping of the image parameter 
onto a vertical line, for instance the brightness axis, of the 5Luv/2 color scale. 
Color could be added by a rotation, dilation, or translation of such a vertical line 
in the 5Luv/2 color space. Presumably, the resulting color image would then give 
rise to the same Gestalt organization as in the monochrome image and would 
also contain the same number of discriminable steps. Given the problem with the 
perception of isoluminant colors, mentioned in the Introduction, one would be 
well advised to use mappings onto lines containing luminance differences. 
Circumstantial support for an approach as outlined above may be found in Pizer 
(1983). First, Pizer shows that the 'temperature pseudocolor scale' is best suited 
for qualitative pseudo coloring. Such a 'temperature scale' runs from dark red via 
yellow to bright white, and is only slightly curved in the LVv* (and for that in 
the 5Luv/2) color space. It therefore conforms closely to our 'straight line' 
requirement. Indeed, as expected, the Gestalt formation is preserved well in the 
image using the 'temperature pseudocolor scale'. Second, the 'rainbow scale', 
even though it contains nearly twice as much discriminable steps as the 
'temperature scale', does not give as much subjective improvement as a 
'temperature scale'. This is consistent with our 'straight line' requirement in that 
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the 'rainbow scale' is strongly curved in the uniform color space. Therefore, we 
would expect that Gestalt formation is only partly preserved, leading to an 
undesirable pseudocolor scale (see e.g., Tajima (1983) for some examples of how 
a 'rainbow' scale in L*uV space still leads to misleading Gestalt formation). 
Despite all the work that has been going on in pseudocoloring, we think that 
it is questionable whether qualitative pseudocoloring will lead to a better 
detection of targets in the colored image through an increase of the number of 
discriminable steps. Given the limited gamut of colors on a video display and the 
prominent role of luminance differences in the Gestalt formation, and given the 
requirement that the brightness scale has to be transformed to a straight line in 
color space, we estimate that the number of discriminable steps in the color 
image is about equal to those in a monochrome display1. That this estimate is not 
far off, is confirmed by the fact that the 'temperature scale', which is slightly 
curved in the L*uV space, contains only 25 % more discriminable steps than a 
grey scale. In keeping with our estimate, Buchanan (1979) advises to use the 
brightness axis to display uni-dimensional data. The small expansion of the 
number of discriminable steps probably explains why the literature until now has 
been limited to the observation that a qualitative use of pseudo-coloring leads to 
more attractive images, whereas no reports are available pertaining to the 
improvement of detection performance. 
Multiparameter images 
A more fascinating application of pseudo coloring may lie in the integration of 
multi-parameter images. For instance, when ultrasound imaging techniques are 
used to probe biological tissue, images may be constructed from each physical 
variable of the reflected signal. The perceptual integration of information of the 
different parameters in one image is difficult from the viewpoint of the designer. 
1
 The largest difference along the brightness (L*) dimension in the L*uV 
space is 100. In the color plane, given the chromaticity coordinates of the 
phosphors of the color monitor, the largest difference is about 600. Taking into 
account that weighting factors of 5 and 0.5 have to be applied to the L* and v* 
axes, respectively, the largest differences along the brightness dimension and in 
the color plane are of about equal size. 
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Using color, one could, in theory, map up to three independent physical variables 
onto an orthogonal coordinate basis in a color space. The resulting color image 
would then combine three physical variables with their spatial distribution into 
one picture. Image regions with similar physical variables would then show up as 
patches of one color in the pseudo color image. Such an approach has been 
implemented by Buchanan (1979). He uses a system in which three parameters 
are mapped onto a three-dimensional orthogonal cylinder coordinate basis, the 
three axes corresponding with the brightness, saturation, and hue dimensions. He 
claims that it is possible to extract from the combined image the pattern of 
individual parameters by attending to the hue, brighmess or saturation dimensions 
separately. This is advantageous from the viewpoint of quantitative 
pseudocoloring because estimates of single parameters may be derived from the 
multiparameter image. 
An alternative, related approach, based on the results of Chapter 3, would be 
to map the three parameters onto a Cartesian coordinate system, which is 
imbedded in the 5Ілд Д color space. Preferably, the axes of this coordinate 
system should be tilted out of the isoluminant plane to avoid problems with 
isoluminant colors. An advantage of this appraoch is that, presumably, one will 
know in advance that the axes are scaled properly with respect to their Gestalt 
formation properties. Of course, rescaling of the brighmess, hue, and saturation 
axes used by Buchanan, using our results, would also improve the relative scales 
of these axes with respect to Gestalt formation. Note, however, that the results in 
Chapter 3 indicate that variation of Gestalt formation between individual subjects 
occurs along the tritanopic color dimension and that therefore the L*uV color 
space is more suitable from a psychophysical point of view to use as a starting 
point for rescaling procedures. A more fundamental problem of the approach of 
Buchanan for qualitative pseudocoloring is that one should not map one 
parameter on the entire hue circle if the relative interpoint distances and therefore 
the Gestalt formation is to be preserved. If such a mapping is used, the lowest 
and highest parameter values will be mapped onto similar hues, and therefore, 
picture regions which are black and white in a monochrome image, will have 
similar hues in the pseudocolor image. This will lead to a completely disturbed 
Gestalt rendering in the pseudocolor picture. Essentially this is also the reason 
why the 'rainbow scale' does not lead to subjective improvement. In practice, 
such undesirable Gestalt formation is prevented by using only a limited sector 
(about 60 degrees) of the hue circle. In that case, the results of our approach and 
Buchanan's approach more or less overlap. A disadvantage of our approach from 
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a quantitative pseudocoloring viewpoint, could well be that the extraction of 
single parameters from the combined image is lost. However, until quantitative 
data are available, pertaining to the reliability of single parameter extraction from 
combined parameter images, single parameter extraction at the quantitative level 
is in our view best done on single parameter images, or even better, by using the 
original parameter values of the picture. This is especially so if one considers the 
very low accuracy with which large color distances can be judged (Wyszecki & 
Stiles, 1983; see also Chapter 4) and the difficulties subjects have with extracting 
dimensional information such as brightness, saturation, and hue (Bums & Shepp, 
1988). Whatever may be the case, for multiparameter images, Buchanan's 
approach is claimed to be eminently suited for quantitative purposes whereas our 
approach holds more promise for qualitative purposes. 
Discussion 
The recommendations of other authors for qualitative (multiparameter) 
pseudocoloring, discussed above, fit quite nicely with our approach. This 
approach is based on the constraint that the figurai organization in the colored 
picture should not be disturbed, together with an experimental determination of a 
uniform color scale which accounts for the Gestalt properties of the colors. The 
5Luv/2 color space, that accounts best for the Gestalt properties, has a firm 
foundation in color vision theory because its axes correspond more or less with 
the psychophysically important dimensions, namely the brightness, red-green and 
yellow-blue dimensions (Judd & Yonemura, 1970). 
Of course, several aspects (see below), of this approach have been recognized 
by other authors. The observation that artifacts in the figurai patterns occur after 
coloring of the monochrome image has led other authors to recommendations in 
choosing suitable color scales. Pizer emphasises the importance of the natural 
order and associability of the pseudocolor scales. With natural order is meant that 
'untrained humans, when looking at regions with two different "colors" on this 
scale know which one corresponds to more'. With associability is meant that 'the 
closeness of two colors on the the pseudocolor scale is correlated with perceptual 
closeness of colors. A scale with a low associability will cause image regions 
that should be perceived as a single object to break up'. Associability, therefore, 
is the same thing as 'preserving Gestalt formation', which is the basis of our 
approach. The 'natural order' of color scales is also a serious issue. For instance, 
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if one would map a parameter on the red-green axis in the isoluminant plane, it 
is unclear whether red is more than green or vice versa. Therefore, Milan and 
Taylor (1975) suggest to use brighter colors for the higher levels. Following this 
suggestion will also avoid problems with the perception of isoluminant colors. 
What is new, however, is our approach to the associability, or what we call 
the Gestalt properties of color, which have been experimentally determined. 
Moreover, our approach is general enough in that it predicts the existence of a 
multitude of other suitable pseudocolor scales. These scales are all straight lines 
in the 5Luv/2 color scale. This also solves the problem (Pizer, 1983) which two 
colors to choose to represent maximum contrast, that is these two colors should 
be chosen at the endpoints of a line in the 5Luv/2 color space. If 'natural order' 
is desired, luminance differences should be present between the two colors with 
maximum contrast. Such luminance differences would also help to eliminate 
problems with isoluminant colors. 
The use of color to display multiparameter images, decribed here, is related to 
the use of color to integrate multidimensional data. Ware and Beatty (1988) have 
shown that in multidimensional scattergrams, color dimensions may be as 
powerful as spatial dimensions for the detection of clusters in multidimensional 
data. With scattergrams, however, the spatial relations of the original image are 
lost. Anyhow, the strong ability of color to integrate multidimensional data in 
scattergrams holds some promise for the use of color to integrate multiparameter 
images. 
Summarizing, the approach taken here to arrive at a suitable pseudocolor scale, 
seems to fit well with recommendations found in the literature. It remains to be 
seen whether the results obtained with our simple stimulus may be extrapolated 
to more realistic images, especially considering the complex interactions that may 
occur between color patches in such images. A number of perceptual effects, 
such as assimilation, contrast and small field tritanopia (Walraven, 1985), are 
known to have a strong effect on color appearance and these effects are not 
incorporated in the color distance model for Gestalt formation. It is not clear 
whether these effects are strong enough to frustrate the approach chosen here. 
The similarity, however, between the good pseudocolor scales, discovered so far, 
and the scales we propose, is encouraging. The applications of such scales seem 
to be most interesting for qualitative interpretation of multiparameter images. 
Further research should concentrate, in our opinion, on the ability of humans to 
detect (and interpret) visual structures in multiparameter images. Specifically, 
experiments should be conducted to test what the strong and weak points of such 
Epilogue 97 
integrated images are with respect to task performance. Given the increasing 
number of possibilities for the use of multiparameter images, further investigation 
of the principles outlined here, is indicated. 
98 Chapter 5 
REFERERENCES 
Barrow, H. G., & Tenenbaum, J. M. (1986). Computational Approaches to 
Vision, in Boff K. R., Kaufman L., & Thomas, J. P. (Eds.), Handbook of 
Perception and Human Performance: Volume I, New York: Wiley. 
Buchanan, M. D. (1979). Effective utilization of color in multidimensional data 
presentations. SPIE VOL 199 Advances in Display Technology, 9-18. 
Bruce, V., & Green, P. (1985). Visual Perception: Physiology, Psychology ά 
Ecology. London: Lawrence Erlbaum Ass. 
Bums, В., & Shepp, В. E. (1988). Dimensional interactions and the structure of 
psychological space: The representations of hue, saturation and brightness. 
Perception & Psychophysics, 43, 494-507. 
Judd, D. В., & Yonemura, G. T. (1970). CIE 1960 UCS Diagram and the Müller 
Theory of Color Vision, in M. Richter (Ed.), Colour 69, 266-274. Göttingen, 
Germany: Musterschmidt. 
Luckiesh, M. (1922). Visual Illusions: their causes, characteristics and 
Applications. New York: Dover, 1965. 
Milan, J., & Taylor, K. J. W. (1975). The application of the temperature-color 
scale to ultrasonic imaging. J. Clin. Ultrasound, 3, 171-173. 
Pizer, S. M., & Zimmerman. J. B. (1983). Color display in ultrasonography. 
Ultrasound in Medicine & Biology, 9, 331-343. 
Shneiderman, B. (1987). Designing the user interface. Reading: Addison-Wesley. 
Tajima, J. (1983). Uniform Color Scale Applications to Computer Graphics. 
Computer Vision, Graphics, & Image Processing, 21, 305-325. 
Walraven, J. (1985). The colours are not on the display: a survey of non-veridical 
perceptions that may turn up on a color display. Displays 6, 35. 
Ware, C, & Beatty, J. C. (1988). Using color dimensions to display Data 
Dimension. Human Factors, 30, 127-142. 
de Weert. Ch. M. M. (1988). The Use of Color in Visual Displays, in van der 
Veer. G. C, & Mulder, G. (Eds.), Human Computer Interaction: Psychonomie 
Aspects, Berlin: Springer. 
Wyszecki, G., & Stiles, W. S. (1983). Color Science (2nd ed.). New York: 
Wiley. 
SUMMARY 
Over the last years, the role of color in displaying information has greatly 
increased. This change has been made possible through the control of color 
monitors by means of computers. In such displays, the color and brightness 
differences are usually quite large. Fundamental research into the perception of 
color displays, especially into the role of large brightness and color differences to 
the perceptual organization of color displays, however, has lagged behind. The 
aim of this thesis is to enhance our understanding of the role large color 
differences play in organizing patterns perceptually. More specifically, we have 
investigated the strength of pattern formation as a function of the differences 
between the color of a pattern. A second fundamental reason for the investigation 
of large color differences lies in the functional or information-processing domain. 
In this domain one is interested in issues such as whether stimulus dimensions 
are processed separately or integrally and on the application of such theories for 
the display of information. 
First of all, in order to assess the impact of color differences on perceptual 
organization, one needs a method to measure color differences. We have used 
perceptually uniform color spaces, developed to calculate small color differences 
as a yardstick to measure large color differences. The next step is the 
development of a method to measure the impact of large color differences on the 
perceptual organization. This thesis describes two methods, which were developed 
with this aim in mind. In the first method, presented in Chapter 2, it is assumed 
that in binocular rivalry the rivalry strength of chromatic contours will depend on 
the color difference between those contours. The measurements of the rivalry 
strength indicate that colored contours contribute to binocular rivalry in the same 
way as they contribute to perceived border strength, that is short-wavelength-
sensitive (or blue) cones do not make an appreciable contribution to rivalry. For 
red-green differences, the rivalry strength varied only for small color differences. 
For larger color differences, the rivalry strength of the colored contours quickly 
reached a maximum, indicating that the method is not sensitive to large 
differences along the red-green dimension. In addition, the method was not very 
precise in that the rivalry process is rather variable over time and exhibits large 
differences between subjects. Therefore, this method appeared to be inadequate to 
quantify large as well as small color differences. 
The second method, described in Chapter 3, exploits spontaneous Gestalt 
formation as a means to measure large color differences. In this method, the role 
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of color differences to perceptual organization is measured by presenting an 
ambiguous stimulus in the form of the star of David. The stimulus consisted of 
two overlapping triangles, each in a different color. The overlap was given a 
third color. Through variation of the color differences one triangle usually was 
perceptually more salient than the other, i.e., its Gestalt was more dominant. The 
task of the subjects was to indicate which triangle was more salient. Border 
perception, that is, luminance differences can be discriminated more easily and 
yellow-blue (tritanopic) differences with more difficulty when colors are presented 
in spatially adjacent fields, as compared to spatially non-adjacent fields, plays an 
important role in this method. This is concluded from the weighting factors in the 
color distance formula. These weighting factors monitor the relative contribution 
of the luminance and yellow-blue differences to the process of Gestalt formation. 
In order to predict the Gestalt formation correctly, the luminance contribution had 
to be multiplied by a factor of 5 and the yellow-blue contribution had to be 
multiplied by a factor of 0.5, as compared to their contribution in a situation in 
which the colors are separated by a background. Using the data obtained with the 
Gestalt method, we have compared the performance of several color spaces, 
designed to quantify small color differences. For isoluminant colors, one space, 
the L*uV color space with the weighting factors as given above, was superior to 
other color spaces, specifically the L*aV color space. When luminance 
differences were introduced in the color set, the differences between LVv* and 
the other color spaces were strongly reduced. One may hypothesize that the 
figurai organization in more complex pictures may also be predicted correctly by 
the distance formula, derived with the Gestalt method. This suggests that the 
results can be used to avoid a distortion of the figurai organization in a 
pseudocolored image (pseudocoloring is a technique used to add color to 
monochrome image). 
The third method, described in Chapter 4, used direct judgments in a triadic 
comparison task to measure large color differences. This method gave useful 
results pertaining to the information-processing domain mentioned above. The 
stimulus consisted of three circular fields, separated by a dark background. In this 
experiment, another color space, the £jg color space, which was especially 
designed to quantify color differences of medium size, described the similarity 
responses best, provided the color differences in the isoluminant plane were 
sufficiently large. Using an appropiate instruction, subjects were able to direct 
their attention selectively either to the brightness or to the color dimensions. In 
our method, this attentional shift is revealed by a change in the relative 
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contribution of the brightness and yellow-blue dimension of the £jg color space. 
For a color set with rather salient differences along the color and brightness 
dimensions, the changes in the contribution of the brightness dimension were 
significant but small, indicating that the brightnes and color dimensions were 
processed separately. For another color set with relatively small differences in the 
color plane, there was no change in the contribution of the brightness dimension 
under different instructions indicating that the color and brightness dimensions 
were much harder to separate. Apparently, the separability of the perceptual 
dimensions 'color' and 'brightness' does not only depend on the kind of 
dimensions involved, but also on the saliency of differences within these 
dimensions. Furthermore, using a particular choice of the stimulus material, one 
can also enhance the relative discriminability of the dimensions in the stimulus 
material. Using this manipulation, a small but significant increase of the 
contribution of the most salient dimension to the perceived color difference was 
found. The changes in the weighting factors were all in accordance with a theory 
of selective attention by Gamer. With the present analysis, however, we were 
able to quantify the changes by monitoring the weighting factors and it appeared 
that the changes in the weighting factors were not large, given the stimulus 
material and instructions we used. 
We have also assessed how accurately the color distance formula predicts the 
color difference judgments of individual observers. This accuracy appeared to be 
rather low for large color differences. We have estimated that for individual 
subjects about 50 % of the observed color differences are predicted correctly to 
within 25 % of the calculated color distance. Furthermore, one may wonder 
whether similarities between very dissimilar colors will be perceived on the basis 
of a categorical perception, for instance with categories such as red, green, blue, 
and so on. Our data, however, indicated that the £gj color distance model with 
only three extra parameters accounts for the data of individual subjects quite well. 
Two of these parameters are concerned with the relative contribution of the j and 
£ axes and the third parameter deals with the accuracy of the distance formula. 
Therefore, a rather straightforward distance model seemed to account for our 
results quite well. For some subjects, however, the accuracy of the color distance 
formula was very low. For these subjects, we have found some indications that 
the low accuracy of the color distance formula is caused by the use of a 
categorical response strategy. 
Finally, in Chapter 5, some guidelines, based on the results obtained with the 
Gestalt method, are given for the use of color in video displays. These guidelines 
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pertain to the use of color in pseudocoloring images and in multiparameter 
images (in multiparameter images a designer tries to integrate the pictural 
information of different sources into one image). The guidelines appear to agree 
well with guidelines offered by other authors, but our approach is more general. 
Real images, however, are much more complex than the simple stimulus we have 
used in Chapter 3. Certainly, this will complicate the approach to pseudocoloring 
we have sketched in Chapter 5. We also argue that pseudocoloring may be useful 
for the integration of more parameters into one image, but that for the 
presentation of a single parameter a greylevel picture is to be preferred. We 
conclude that the potential for a method, that yields a faithfull integration of 
multi-parameter images, appears to be large enough to pursue the approach 
outlined in Chapter 5. 
SAMENVATTING 
De laatste jaren is het gebruik van kleur bij het presenteren van informatie sterk 
toegenomen. Dit is mede veroorzaakt door de mogelijkheid kleurenmonitoren met 
behulp van computers aan te sturen. Bij het weergeven van informatie wordt 
meestal gebruik gemaakt van grote kleur- en helderheidsverschillen om een 
duidelijke onderscheid tussen de kleuren te verkrijgen. Er is echter niet veel 
fundamenteel onderzoek verricht naar de invloed van zulke grote verschillen op 
de perceptuele organisatie van een beeld. Het doel van dit proefschrift is een 
beter begrip van de invloed van grote kleur- en helderheidsverschillen op de 
perceptuele organisatie. In het bijzonder hebben we de sterkte van patroonvorming 
gemeten als functie van de kleurverschillen binnen een stimulus. Verder is dit 
onderzoek ook van belang om onze kennis ten aanzien van de rol die kleur speelt 
in algemene theorieën over informatieverwerking te vermeerderen. In zulke 
theorieën hanteert men onder meer assumpties over de vraag of kleur- en 
heldcrheidsinformatie apart dan wel te zamen (integraal) verwerkt wordt en wat 
de mogelijke betekenis daarvan is voor het overdragen van informatie. 
Om de invloed van kleurverschillen op de perceptuele organisatie van een 
beeld te meten moeten we eerst deze kleurverschillen kunnen meten. Hiervoor 
zijn we uitgegaan van perceptueel uniforme kleurenruimten, die ontwikkeld zijn 
om afstanden tussen kleine kleurverschillen te berekenen. Vervolgens moesten we 
een methode ontwikkelen om de invloed van kleur op de perceptuele organisatie 
te meten. Hiervoor hebben we drie methoden ontwikkeld. De eerste methode, 
beschreven in hoofdstuk 2, gaat ervan uit dat bij binoculaire rivaliteit de mate 
van rivaliteit van kleurgrenzen bepaald wordt door de grootte van het 
kleurverschil tussen de kleuren die de grens vormen. Uit de metingen blijkt dat 
de bijdrage van kleurgrenzen aan binoculaire rivaliteit vergelijkbaar is met de 
bijdrage van kleurgrenzen in zogenaamde 'Minimal Distinct Border' 
experimenten. Dat wil zeggen dat de 'blauwe' kegeltjes, gevoelig voor korte 
golflengten, nauwelijks bijdragen aan de waargenomen grenssterkte. Voor 
kleurverschillen langs de rood-groen dimensie bleek de rivaliteit alleen te variëren 
voor kleine kleurverschillen; voor grotere verschillen trad er een snelle 
verzadiging op in de rivaliteitsmaat waardoor de methode niet gevoelig was voor 
grote kleurverschillen langs de rood-groen dimensie. Verder bleek de mate van 
rivaliteit zowel in de tijd als tussen proefpersonen sterk te variëren. Wij 
concluderen uit het voorgaande dat de methode die gebruik maakt van binoculaire 
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rivaliteit, niet geschikt is om als meetinstrument te dienen voor grote dan wel 
kleine kleurverschillen. 
De tweede methode, beschreven in hoofdstuk 3, gebruikt spontane Gestalt-
vorming om de invloed van kleurverschillen op de perceptuele organisatie te 
meten. We gebruikten een ambigue stimulus, bestaande uit twee over elkaar 
gelegen driehoeken in de vorm van een Davidsster. De driehoeken zijn 
verschillend gekleurd, en het gemeenschappelijk gedeelte van de driehoeken 
bestaat uit een andere, derde, kleur. Door telkens drie verschillende kleuren aan te 
bieden wordt één driehoek meestal duidelijker waargenomen dan de andere. De 
taak van de proefpersoon is aan te geven welke driehoek het duidelijkst te zien 
is. Ook nu blijkt weer de waarneming van de grens een belangrijke invloed te 
hebben: als de kleuren aan elkaar grenzen leveren verschillen in luminantie een 
grotere bijdrage, en geel-blauw verschillen een kleinere bijdrage aan het 
waargenomen kleurverschil, vergeleken met kleuren, die van elkaar gescheiden 
zijn door een achtergrond. Dit blijkt uit de respectievelijke gewichtsfactoren in de 
kleurafstandsformule. Deze gewichtsfactoren bepalen de relatieve bijdrage aan het 
waargenomen kleurverschil van het helderheidskanaal en van het geel-blauw 
kanaal. Voor de helderheidsdimensie vonden we een gewichtsfactor van 5, en 
voor de geel-blauw dimensie vonden we een gewichtsfactor van 0.5, waarbij we 
dienen te bedenken dat onder standaardcondities, waarbij de kleuren door een 
achtergrond gescheiden zijn, de gewichtsfactoren gelijk zijn aan 1. We hebben 
verder onderzocht in hoeverre verschillende kleurenruimten de responsen van de 
proefpersonen correct kunnen voorspellen. Deze kleurenruimten zijn aanvankelijk 
ontwikkeld op grond van kleine kleurverschillen. Voor isoluminante kleuren blijkt 
de L'uV ruimte met de bovengenoemde gewichtsfactoren de responsen beter te 
voorspellen dan andere kleurenruimten, met name is de LVv* ruimte beter dan 
de LVb* ruimte. Wanneer we ook kleuren van verschillende helderheid 
aanbieden, blijken de verschillende kleurenruimten de responsen even goed te 
voorspellen. Men zou nu, uitgaande van de eerder gevonden afstandsformule, 
kunnen proberen om de perceptuele organisatie in meer complexe patronen te 
voorspellen. Een mogelijke practische toepassing zou dan zijn: bij het inkleuren 
van monochrome beelden ervoor zorgen dat de perceptuele organisaties in het 
monochrome en ingekleurde beeld zoveel mogelijk op elkaar lijken. 
Bij de derde methode, die in hoofdstuk 4 wordt besproken, hebben we 
proefpersonen in een experiment met triadische vergelijkingen rechtstreeks 
gevraagd welke van twee kleuren het meest op een derde kleur lijkt. De kleuren 
waren nu gescheiden door een zwarte achtergrond. De resultaten hiervan zijn 
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vooral interessant voor theorieën over informatieverwerking. Nu bleek de £jg 
kleurenruimte, die voor kleurverschillen van middelmatige grootte ontwikkeld is, 
het beste de responsen van de proefpersonen te voorspellen, vooropgesteld dat de 
kleurverschillen in het isoluminante vlak voldoende groot zijn. Verder bleken de 
proefpersonen, zoals te verwachten, in staat hun aandacht op de kleur- of de 
helderheidsdimensie te richten als ze daartoe geïnstrueerd werden. Deze 
verschuiving van aandacht bleekt uit een verandering van de gewichtsfactoren in 
de £jg afstandsformule. Voor een kleurenset met duidelijke verschillen langs de 
kleur- en helderheidsdimensies vonden we een kleine maar significante 
verandering van de gewichtsfactoren. Dit wijst erop dat de kleur- en 
helderheidsdimensies onafhankelijk van elkaar verwerkt worden. Bij een 
kleurenset met kleine kleurverschillen vonden we geen verandering van de 
gewichtsfactoren. Dit wijst op een meer integrale verwerking van de helderheids-
en kleurdimensies. Blijkbaar wordt de integraliteit van de verwerking van de twee 
dimensies mede bepaald door de duidelijkheid van verschillen langs die dimensies 
en niet slechts, zoals vaak gedacht wordt, door de aard van de dimensies. Verder 
kunnen we door geschikte kleuren te kiezen de helderheidsverschillen duidelijker 
waarneembaar maken dan de kleurverschillen. Het blijkt dan dat de gewichtsfactor 
voor de helderheidsdimensie toeneemt. Efecten van dit soort tengevolge van 
selectieve aandacht zijn eerder door Gamer gevonden. Het voordeel van de door 
ons gebruikte methode is echter dat we in staat zijn om de aandachtsverschuiving 
te kwantificeren met de gewichtsfactoren. Het blijkt dat de veranderingen in de 
gewichtsfactoren in het algemeen klein zijn, gegeven de door ons gebruikte 
stimuli en instructies. 
We hebben verder de nauwkeurigheid van de afstandsformule voor kleuren 
geschat. Die nauwkeurigheid is nogal laag. We schatten voor individuele 
proefpersonen dat 50 % van de waargenomen kleurverschillen vallen binnen plus 
of minus 25 % van de berekende kleurafstand. Voorts zou het denkbaar zijn dat 
de gelijkenis tussen kleuren, als die sterk van elkaar verschillen, in eerste 
instantie op grond van kleumamen, dus categoriaal, bepaald is. Het blijkt echter 
dat de £jg kleurenruimte met slechts drie parameters prima in staat is om de 
individuele data te beschrijven. Twee parameters zijn al eerder genoemd, dit zijn 
de gewichtsfactoren voor de helderheidsdimensie en de geel-blauw dimensie. De 
derde parameter heeft betrekking op de nauwkeurigheid van de afstandsformule. 
Een eenvoudig afstandsmodel lijkt dus goed te voldoen. Toch waren er enkele 
proefpersonen, voor wie de nauwkeurigheid van de afstandsformule wel erg laag 
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was. Voor deze proefpersonen zijn er aanwijzingen dat ze relatief veel gebruik 
maakten van kleumamen om tot een respons te komen. 
Tenslotte geven we in hoofdstuk 5 enkele richtlijnen voor kleurgebruik bij 
kleurenmonitoren, uitgaande van de resultaten in hoofdstuk 3. Deze richtlijnen 
hebben betrekking op het gebruik van pseudokleurschalen en het integreren van 
verschillende beelden van een object, verkregen met verschillende 
beeldvormingstechnieken, in één beeld. Onze richtlijnen blijken goed overeen te 
stemmen met reeds bestaande richlijnen, maar onze benadering is meer algemeen 
van aard. Realistische beelden zijn echter veel complexer dan de eenvoudige 
stimulus, die we in hoofdstuk 3 gebruikt hebben. Daarom zal een rechtstreekse 
toepassing van de benadering, zoals die in hoofdstuk 5 geschetst is, dikwijls niet 
zonder problemen zijn. Verder laten we zien dat pseudokleurschalen eventueel 
bruikbaar zijn voor de integratie van verschillende beelden maar dat voor de 
presentatie van slechts een parameter beter een monochroom beeld gekozen kan 
worden. Onze conclusie is dat het aantal mogelijke toepassingen van een techniek 
die op betrouwbare wijze verschillende beelden geïntegreerd kan weergegeven, 
groot genoeg is om onze in hoofdstuk 5 geschetste benadering verder uit te 
werken. 
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Stellingen 
behorend bij het proefschrift 
On the Measurement of Large Color Differences 
door Peep Stalmeier 
Nijmegen, 29 juni 1990 
I 
Bums en Shepp (1988) vmden bij schaling van kleuren met equidistante Munsell 
tint- en verzadigings coördinaten géén equidistante Euclidische schalingsoplossing 
Zij concluderen hieruit dat tint en verzadiging asymmetnbch interacteren Deze 
conclusie is voorhang aangezien het Munsellsysteem uitgaat van 
cylindercoordmaten en om die reden geen equidistante oplossing voorspelt 
(Burns, Β , ά Shepp, Β E (1988) Dimensional interactions and the structure of 
psychological space The representations of hue, saturation and brightness 
Perception & Psychophysics, 43, 494 507 ) 
II 
Bij de waarneming van grote kleurverschillen in een stimulus met aan elkaar 
grenzende kleurvlakken zijn, in tegenstelling tot de bevindingen van Sharpe en 
Wyszecki (1976), in een kleurenafstandsformule wel correctiefactoren nodig voor 
de relatieve bijdrage van het helderheidskanaal en de rood-groen en geel-blauw 
opponente kleurkanalen 
(Sharpe, L Τ, & Wyszecki, G (1976) Proximity factor in color-difference 
evaluations JournaU of the Optical Society of America, 66, 40-49 ) 
III 
De door Tajima gepresenteerde kleurschalen voor 'pseudocolonng' vertonen in het 
kleurenbeeld een andere organisdtie dan het monochrome beeld Ze zijn daarom 
met optimaal vanuit het oogpunt van kwalitatieve 'pseudocolonng' 
(Tajima, J (1983) Uniform Color Scale Applications to Computer Graphics 
Computer Vision, Graphics & Image Processing, 21, 305-325 ) 
IV 
By non-metnsche multidimensionele schaling van een lijn- of rastervormige 
datastructuur veroorzaakt een non-lineaire monotone transformatie van de 
gelijkenismaat een gekromde, niet optimale, oplossing Gekromde oplossingen 
kunnen blijkbaar het gevolg zijn van een artefact en dienen daarom met de 
nodige scepsis geëvalueerd te worden 
ν 
Of stimulusdimensies integraal dan wel separaat worden verwerkt hangt niet 
alleen af van de aard van de dimensies maar ook van van de grootte van de 
verschillen langs die dimensies (dit proefschrift). 
VI 
Hoewel de experimentele psychologie steeds meer mechanismen heeft blootgelegd, 
is in vergelijking met het begin van deze eeuw het intentionahteitsaspect van de 
geest meer en meer uu het oog verloren Dit doet het vermoeden njzen dat in het 
kader van de psychologie lichaam en geest twee complementaire begrippen zijn 
en dat de mate waann we beide tegelijk kunnen kennen door een 
onzekerheidsrelatie beperkt wordt 
(Henry J Folse (1985) The philosophy of Niels Bohr the framework of 
complementarity Elsevier Science Publishers ) 



